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ABSTRACT
The Hunza Valley, a remote area of mountainous northern Pakistan, is
undergoing rapid change culturally, socially, and architecturally. Many of these
changes are linked to the exchange of information and commerce facilitated by
the Karakoram Highway. This highway, completed in 1974, has allowed a culture
and lifestyle dating back many of hundreds of years to be influenced by lower
Pakistan and western cultures. Architecturally, these changes have led to the use
of new, non-traditional, building material (concrete block and window glass) and
new building designs which are climatically inappropriate and more consistent
with the mild climate of lower Pakistan. This study examines these changes from
an energy perspective in the homes and schools in and around Karimabad, a
central village in the Hunza Valley.
To assess baseline energy consumption, recorded indoor and outdoor
temperature data for three homes and two schools were analyzed. These data
were used with a steady state energy model to assess and compare energy
consumption of a traditional and a modern home and assess energy conservation
measures and design changes. The results showed a 30 percent reduction in heat
loss in the traditional home compared to the modern home. This reduction is
mostly due to the higher wall and roof thermal resistance values of the traditional
home. Further insulation of the walls in both home types is recommended. In
the case of the modern homes adding R-5 of rigid foam insulation is estimated to
reduce heat loss by 46 percent, over the base case modern home, with a simple
payback of 3.8 years. The use of windows is recommended on the south facing
facade netting a simple payback of 3.9 years and the use of buried walls (into the
north slope) and shared walls (cluster housing) were each estimated to save 17
percent over the standard modern home.
Indigenous insulations were researched for use in homes and schools.
Sawdust and straw were found to be the most practical and were used with a glue-
binder to make 1.5"x 15"x 25" panels. These panels were tested in a flat screen
thermal conductivity tester specifically built and calibrated for this study. The
measured thermal resistance values were R-2.89/inch (+ /- 9.7 %) for the
sawdust and R-2.5/inch to R-3.15/inch (+ /- 8% to 9%) for different straw
panels. A fastening system was developed for the straw panels (sawdust proved
too fragile) for attaching them to existing masonry using wood lath and finishing
with a cement mortar. The proposed insulation system proved to be feasible from
materials and functionality standpoints. The economic feasibility of the straw and
glue panel system hinges on the glue cost. Using a currency adjusted bulk glue
cost from the United States (the local glue cost is uncertain), the proposed system
was found to be only about 10 percent less expensive than the estimated cost of
rigid foam, for the same thermal resistance.
Examining existing and proposed building designs from and energy
perspective is critical to resource conservation in Karimabad. Future efforts at
energy and resource planning need to be completed over horizons (payback
periods) longer than simply the next winter. The people of Karimabad, most of
whom have very limited capital, should have low interest loans or self help grants
made available to them for use in energy and resource conservation. The results
of this study may aid in the design and direction of such programs.
Thesis Advisor: Leslie K. Norford, Associate Professor of Building Technology
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CHAPTER I. INTRODUCTION
Background
The mountainous Northwest Frontier Province of Pakistan, located
between 36 and 37 degrees north latitude and 74 and 75 east longitude, has long
been one of the world's most isolated regions. Aside from various geologic
surveys and historic expeditions, this region saw very few outsiders and remained
self sufficient for many centuries. This need for self sufficiency has aided in the
preservation of one of the world's most remarkable and durable cultures: the
culture of the people of the Hunza valley.
The Hunza valley is made up of a number of small villages tucked in and
among both the raging Hunza river and 25,000 foot Himalayan peaks (see Figure
1.1). Prior to the mid-1960s, the Hunza valley was easily accessible only by air
(helicopter); the overland routes that existed were largely interrupted by
avalanche and washout. During the mid-1960s and for the following 10 years, the
Karakoram highway (KKH) was built connecting central Pakistan with the
Chinese border, passing directly through the Hunza valley. The construction of
the KKH marked a transition for the Hunza valley and a northern village named
Karimabad.
Until 1974, the Hunza valley was ruled by the Mir of Hunza from his
palace in the once-capital village of Karimabad. During the mid 1960's, it was the
Mir who convinced the government of Pakistan to route the KKH to follow the
Hunza river right through central Hunza. By the time of the KKH's completion,
the Mir had stepped down and the Hunza valley was considered part of the
Northern Areas in the Northwest Frontier Province and under direct control of
the Pakistani government [McCarry].
The combination of the Mir's retirement and the routing of the KKH led
to many changes in the once remote and traditional Hunza valley. More than
anything, the KKH has provided access to a once inaccessible region. Along with
this access has come opportunity for outsiders to travel in and, when they can
afford it, insiders to travel out. The net result has been an informational
exchange in which the people of the Hunza valley have been exposed to the
cultures and the lifestyles of the people of lower Pakistan and of many western
cultures. Some of the more profound effects of these external influences can be
seen architecturally in the villages in and around Karimabad.
Figure 1.1: Map of Pakistan and the Hunza Valley [Pirani]
Karimabad is located approximately 70 miles north of Gilgit, at an
elevation of about 8,000 feet above sea level. Karimabad sits high above the
Hunza river and the KKH at the base of Mount Ultar from where the life
sustaining melt-water of the Ultar glacier flows. The census of 1990 estimated that
there were 616 households and 4,596 people in Karimabad, with an average
household size of 7.5 [Ali].
The Climate
The climate of the Hunza valley, Karimabad in particular, is greatly
influenced by the mountainous region directly to the south. These peaks, some in
excess of 25,000 feet, create an effective rain shadow sparing this northern region
of the annual southern monsoons. This climate (perhaps more accurately defined
as a microclimate) is typical of high-desert regions characterized by low humidity
and rainfall and relatively high diurnal temperature swings.
The four-year average annual rainfall in Karimabad is approximately 6.5
inches [AKHBP data]. The months of May through August are consistently the
wettest, although the averages shown in Figure 1.2 are somewhat skewed by
uncharacteristically heavy rainfall in January 1991 (4.07 inches) and September
1992 (3.35 inches).
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Figure 1.2: Four Year Average Rainfall Data. Four-year average (1991-1994)
rainfall data as measured at Baltit Fort, Karimabad, Pakistan. Source: Aga Khan
Housing Board for Pakistan.
Temperature data for Karimabad are presented in Figure 1.3. These data
are four-year average monthly maximum and minimum temperatures. Note that
the average winter low is about 21 degrees Fahrenheit (* F), while the average
summer high is about 910 F.
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Figure 1.3: Four Year Average Temperature Data. Four-year average (1991-1994)
monthly maximum and minimum temperature data as measured at Baltit Fort,
Karimabad, Pakistan. Source: Aga Khan Housing Board for Pakistan.
Figure 1.4 shows the average diurnal temperature fluctuation for the year
1992 (daily maximum and minimum values were only available for 1992). Of
particular interest in the figure is the diurnal temperature swing in the winter
months of about 18* F, and in the summer months of about 12" F.
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Figure 1.4. 1992 Average Daily Temperature Data. Average daily maximum and
minimum temperatures by month, as measured at Baltit Fort, Karimabad, Pakistan.
Source: Aga Khan Housing Board for Pakistan.
Natural Resources and Energy
The traditional source of energy in the Hunza valley is wood. Wood is
burned in open fires and stoves and used for heating and cooking. Because of the
great reliance on wood and apparent lack of reforestation, wood as a resource is
becoming increasingly scarce. A good example of this is in Karimabad where
firewood must now be transported from Chalt (25 miles to the south) and bought
for 2.5 Rupees (Rs) per kilogram (about 3.5 cents/pound - see Appendix A for
more detailed cost data). Other fossil fuels - diesel oil, liquid propane, kerosene
and electricity - are becoming available in the region, however their availability
and cost can be restrictive for the typical home owner.
Electricity is now being generated by diesel and small hydro-electric
generators. Most of the region's hotels have their own diesel generators,
operating usually in the evening for electric lighting. The Hunza valley has many
potential hydro-electric sites unfortunately the water flowing through most of the
the rivers and streams has a high sediment content causing degradation of turbine
blades. The result is the hydro-generators operate sporadically and have high
maintenance needs. This however may change with reports of low-sediment
stream locations for new hydro-generators.
Over time, the non-wood energy sources (particularly hydro-electric) are
expected to see increased availability and use. Wood as a fuel will continue to
play a key role especially in the traditional uses of heating and cooking,
particularly for those who cannot afford electricity or electric equipment (stove
heater). At current prices the average cost per unit of heat delivered from wood
burning is about 0.28 Rs/kBtu (assumes stove efficiency of 50% and 8,000 Btu/lb
of wood), while that of electricity is about 0.16 Rs/kBtu (assumes heater
efficiency of 100%). Granted, electric heating has the convenience of instant on
and off as well as the elimination of the health related effects associated with
smoke.
The continued use of wood, coupled with regional growth, may put an
increased burden on already declining supplies. To this end, wood must be
treated as a depletable resource and efforts should be taken to conserve what
remains and address the possibilities of local reforestation.
The Economy
Prior to the KKH construction, the people of the Hunza valley existed in
very much of a subsistence life style. Farming was the single most important
activity and the focus of family life. Because of the elevation, limited growing
season, and arid climate, there was usually no extra at harvest time. All that was
grown was either stored to be eaten, used as animal feed (leaves of plants), or
burned for heat; nothing was wasted.
Post KKH, the subsistence life style is still evident, however in some
instances farming has become a business where certain crops (notably potatoes
and apricots) are grown for export out of the Hunza valley. The increased access
to the Hunza valley has brought with it a "cash economy." Many small shops, in
ever expanding local bazaars, are opening up and selling everything from locally
made cloth and clothing to inexpensive plastic tea sets stamped "Made in China".
At this point, for whatever reason, the majority of people living in villages like
Karimabad do not participate in the developing economy, rather they continue
with their traditional life style [Ali]. But, as these regions develop and expand
with more educationally and vocationally trained people, the cash economy is
expected to flourish.
The Built Environment
As it stands today, Karimabad has two very distinct residential districts;
the older part of the city, where dwellings are clustered and estimated to be
hundreds of years old, and the newer residential areas where dwellings are further
spread out and in many cases built on family farm land. The older district
surrounds the historic and currently being renovated Baltit Fort. This district of
Karimabad is characterized by small two to four room dwellings, usually two
stories tall, having an accessible flat roof. These dwellings are typically made of
rock and mud-mortar with walls usually 18 to 36 inches thick. The roof of the
traditional dwelling encompasses multiple layers including planking, thatch, bark,
earth and can be up to 20 inches thick. Windows and doors are small and few
and each dwelling has a cribbed-square opening to allow smoke out and the
watchful eye of spirits in. The traditional dwellings are built in a "cluster" form;
this is for two reasons: first, the dwellings were clustered close to the fort so that
in period of attack by neighboring villages or bandits, the villagers could readily
take refuge in the high-walled fort. Second, because of the value of limited farm
land, dwellings were often built in areas either too steep or of limited value for
agricultural purposes; the most fertile land was never used for building [Ali].
The newer residential areas include many homes built on or near family
farm land. These new dwellings are rarely built with stone and mortar, rather
readily accessible and less expensive concrete block. Windows have become a
symbol of status and are now much larger, though they are not knowingly used for
their solar potential. The highly effective traditional roof has been replaced with
planking, polyethylene sheet, and earth.
Motivation for this Study
Because wood is becoming a scarce resource it is quite conceivable that
increased wood use may result in increased demand and price of wood. This
could result in a situation where the current level of wood use is economically
prohibitive for those in both modem and traditional homes. At this point neither
the time frame nor the reality of this scenario is clear, particularly in light of the
recent information of increased (though costly to residents) electricity generating
capacity. What is clear is that wood is scarce, modern homes require more wood
to maintain traditional thermal comfort levels, and the demand for modern homes
is increasing [personal correspondence].
The premise of this study is that by discarding traditional architectural
paradigms and choosing to build with materials not well suited for the local
climate, the people of Karimabad are deceasing their ability to maintain thermal
comfort while increasing the pressures put on traditional natural resources
(wood). There are three goals of this study. First, evaluate traditional
construction practices from an energy efficiency standpoint and contrast these with
more modem practices. Second, accepting the trends in building materials
(concrete block), research potential insulating materials and design changes which
could aid in resource conservation and increased thermal comfort in both modern
and traditional buildings. Third, present one possible insulation system (made
from indigenous materials) complete with a fastening and finishing system for use
in Karimabad. In addition, estimate the economics of this system to calculate a
payback in comparison to other possible systems, namely rigid foam insulation.
This study is organized into eight chapters plus appendices. The format is
to start from basic principles of energy conservation and thermal comfort and
then examine how they apply to Karimabad's buildings, both traditional and
modern. Chapter I. is the introduction. Chapter II. details existing buildings in
Karimabad, both traditional and modern, and compares their thermal efficiency as
estimated by thermal R-value of walls and roof. Chapter III. discusses heat
transfer and thermal comfort in efforts to quantify levels of thermal comfort in
Karimabad's homes and schools. Chapter III. also presents temperature data
recorded in Karimabad during the months of February and March of 1995.
Chapter IV. discusses infiltration heat loss, how it is calculated and measured, and
estimates of infiltration in typical Karimabad dwellings. In Chapter V. a steady-
state spread sheet model is introduced. This model estimates energy use (wood
use in this application) in buildings. By varying the model inputs a comparison of
energy use with design parameters can be made. The model is used to quantify
potential energy savings and increases in thermal comfort (as measure by indoor
air temperature) that different energy savings strategies afford. Chapter VI.
introduces a thermal conductivity tester that was built for this study and used to
evaluate the thermal conductivity of materials which hold potential for use in
Karimabad. Chapter VII. examines an insulation proposal with calculated thermal
resistances and details a fastening and finishing system consistent with modern
construction practices in Karimabad. Finally, Chapter VIII. concludes this study
and offers suggested areas for future research.
The architectural changes taking place in Karimabad are very clear. Their
influence can be traced to desires of a people to live with the amenities that, until
recently, most had only heard of. The question becomes how to introduce
technology to a developing region in increments which allow for its dissemination
in a meaningful and useful way. The hope of this study is that by starting slow
and making careful choices in what can be done locally, before introducing new
technology, we may progress toward the goal of health, thermal comfort, and
resource conservation for this and future generations.
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CHAPTER II. BUILDING CHARACTERISTICS
Traditional Dwellings
Traditional dwellings in Karimabad (see Figure 2.1) consist of one or two
story, two to four room structures [Pirani report]. The bottom floor is built
around a central room called a "ha", usually about 15 to 20 feet square. The ha
represents the core of the dwelling and is the area where the family congregates,
cooks, and sleeps, particularly during the cold winter months. The ha is typically
divided into a number of areas designated by raised wooden platforms. Family
members and guests have very well defined eating, sleeping and entertaining
locations. Central to these raised platforms was, historically, a small rock or
bricked fire-pit used for cooking and heating. Most of these fire-pits have now
been replaced with small wood-burning stoves. These stoves are purchased (with
subsidy) or given to the residents through a program funded by the Aga Khan.
Reportedly more than 90% of area residents now have and use these stoves.
Surrounding the ha are usually smaller storage rooms or entry-way spaces. These
spaces have been used for wood storage and animal quarters, particularly in the
cold winter months.
The central portion of the ha's roof has a structural cribbing of concentric
square beams, rising up to a square opening of approximately four square feet
(ft2 ). This opening, found in traditional and new dwellings, has practical and
cultural significance. Practically, the opening allowed for a path for smoke to rise
and exit the ha (now a stove pipe exits through this hole); in fact the original
purpose of the cribbing may have been to create a chimney effect allowing for
effective smoke removal. Culturally, the opening in the ha is believed to serve as
a link to the spirits in the sky.
The second story of the dwelling usually consists of a veranda which may
or may not be covered. This second story is used for summer living and sleeping,
fruit drying, and domestic activities.
WHITE WIRE
Figure 2.1: Typical Traditional Dwelling Floor Plan. House A, Karimabad, Pakistan.
As received from the Aga Khan Housing Board for Pakistan. 'White wire" and
'Radio shack" refer to location of digital thermometer.
As previously mentioned, the traditional dwellings are usually clustered,
built on rather steep slopes. These clusters were built such that the rear of the
dwelling is built into or up against the south facing slope, thereby offering
protection against the cold winter north winds. In some cases the cluster
dwellings share walls, offering even further protection from the elements [Ali].
The traditional materials used for wall construction consist of wood - used
sparingly for structural purposes, uncut stone, and mud-plaster. The walls are
constructed of the stone and mud-plaster in filling (so called rubble in filling)
placed around wooden beams which offer wall and roof support [Ali]. The walls
are typically 18 to 36 inches thick and the inside walls are usually covered with a
with a smooth 1 to 3 inch thick straw and mud plaster rendering. This rendering,
while estimated to have low insulating value (approximately R - 0.2), is believed
to aid in reducing outside-air infiltration through voids, cracks, and joints.
The roof is made from wood beams which are spanned by either wood
planks or, in the case of older homes, tree branches. Above this there is a layer
of water resistant but breathable birch bark called "halli". On top of the halli
there is a 15 to 20 inch layer of twigs, over which there is earth and a mixture of
mud and apricot juice. This mixture of mud and apricot juice is reported to offer
an external water proofing to the roof [Pirani report].
Estimates of wall and roof thermal resistance values (R-values) are shown
below in Table 2.1. The assumptions used and calculations of all R-values are
included as Appendix B.
Materials Thickness R-value
h-ft2 *F/Btu (*)
Walls:
stone and mortar 18 inches 2.2
(80% stone, 25 inches 2.6
20% mortar) 36 inches 3.3
Roof:
wood plank, bark, 15 inches 10.3
branches, earth, sealant 20 inches 11.7
(*) includes inner and
outer boundary layers
(15 mph wind)
Table 2.1: Estimated Traditional Dwelling Thermal Resistance Values.
Estimated resistance values of walls and roof
The traditional dwelling as a whole is quite small, on the order of 300 ft2 to
500 ft2 in plan. To increase the thermal efficiency, these dwellings usually have
very few small windows and only one door. While this strategy may be effective
thermally, from an indoor air quality and health perspective it can be dangerous
due to poor ventilation of smoke. Clearly, the step from open fire to wood stove
has greatly improved air quality; however these dwellings still may not be healthy
because of the use of non-airtight stoves and insufficient ventilation.
Modern Dwellings
The newer dwellings in Karimabad (see Figure 2.2) are very distinct in
their departure from the traditional form. These dwellings are typically one story
and can encompass up to five to six rooms including one or more indoor
bathrooms. These dwellings will also include a kitchen and usually one or more
bedrooms.
In keeping with the traditional form, the newer dwellings are built around
the central ha, including the central opening to the sky which is usually glassed
over. Central to the ha is the wood stove with stove pipe running up through the
glass enclosed opening. The same traditional wooden platforms are used, with the
main difference being that cooking is done in the kitchen instead of the ha.
In the newer homes visited, it was readily apparent the great effort taken
to maintain the ha as the central focus of the dwelling. Equally apparent was the
effort to introduce a heightened level of convenience and privacy. Presently,
many of these new dwellings are being built on farmland away from the
traditional clusters for a greater sense of family privacy and there are now
bedrooms for family members to occupy for a greater sense of personal privacy
(temperatures permitting).
BACK ELFVATION
X - SECTON - A-A
Figure 2.2: Typical Modem Dwelling Floor Plan. House B, Karimabad, Pakistan. As
received from the Aga Khan Housing Board for Pakistan. "White wire", "Gray wire",
and 'Blue box" refer to location of hourly temperature recording device.
A major departure from tradition is noted in the materials of construction.
Wall construction is now mostly done with solid concrete block; where stone is
used it is usually "dressed" - hammered into a block shape [Ali]. Wall thicknesses
are between 12 and 15 inches for the stone and 6 to 9 inches for the block, both
offering much less thermal resistance than the traditional construction.
The roof is made of wood beams which are spanned by wood planks. Over
these planks polyethylene sheets (instead of breathable halli) are placed for
waterproofing, earth is placed over the polyethylene sheet [Personal
communication with two modern home residents]. Estimates of wall and roof R-
values are shown in Table 2.2.
Materials Thickness R-value:
h-ft 2 F/Btu (*)
Walls:
solid concrete block 6 inches 1.3
(cement: sand: silt; 8 inches 1.5
1: 2: 2)
stone and mortar 12 inches 1.6
(90% stone 15 inches 1.7
10% mortar)
Roof:
wood plank, plastic 9 inches 4.8
sheet, earth 11 inches 5.1
(*) Includes inner and
outer boundary layers
(15 mph wind)
Table 2.2. Estimated Modem Dwelling Thermal Resistance Values.
In comparing traditional with modern dwellings a number of thermal issues
become evident. First, both the thermal resistance and the thermal mass of the
modern structures have been significantly reduced. In the case of thermal
resistance, the reduction in average R-value from traditional stone to concrete
block is about 42 percent (R-2.6 to R-1.5), and to that of dressed stone is about
35 percent (R-2.6 to R-1.7). The roof R-value reduction is on the order of 54
percent (R-11 to R-5.1). As large as these reductions are, it must be realized that
the starting point (R-2.6 for walls) is not very desirable either.
The significance of these reductions can be directly correlated with
increased fuel use necessary to maintain the same inside temperature.
Theoretically, if the heat loss takes place only by conduction through walls and
roof, and there is a 50 percent reduction in thermal resistance value
(h-ft2 'F/Btu) of these components, then to maintain the same indoor air
temperature twice as much fuel must be used. In reality, there are other
mechanisms of heat loss by a structure (ground, infiltration, windows, doors) so a
50 percent reduction in R-value usually will not correlate with a 50 percent
increase in fuel use. However, depending on design, conduction heat losses
through the walls and the roof are often the largest and therefore should be
minimized.
The reduction of thermal mass between the two structure types is
estimated to be 70 percent, from 554 lbs/ft2 of floor area to 165 lbs/ft2 of floor
area (see Appendix B for calculation) . The significance of a reduction in thermal
mass greatly depends on the structure design, thermal resistance values, diurnal
temperature swing, and solar potential. A proven strategy for using thermal mass
involves coupling it with a passive-solar design. The concept entails using the
winter sun to heat a thermally massive (concrete or stone and mortar) wall or
floor. The wall or floor absorbs the solar energy during the day and releases it at
night, presumably when it is most needed. This "time-lag" effect can be very
useful in reducing internal temperature fluctuations in response to outside diurnal
temperature swings. This benefit can be realized in the summer as well when the
time-lag would shift a day's peak heat to the night time when cooler air could
again absorb the heat.
Because of limited winter solar gain, it is unclear how much the traditional
dwellings benefit from thermal mass during the winter months. Also, it is not
clear how this has changed with the less-massive modern construction. During the
summer months however, because of the diurnal-temperature swing, the potential
cooling effects of thermal mass can be significant. This effect is consistent with
comments received pertaining to modem dwellings being "hotter" in the summer
than their traditional counter parts.
The modem dwellings can be up to 2 to 3 times larger than the traditional
structures and usually have much greater window area. Windows have been
reported to be a symbol of status in Karimabad and thus are often oriented for
recognition or to view the mountains and not for solar potential [Dunham report].
Others have mentioned window orientation directed at spectacular scenery across
the valley. Not only is window orientation less than desirable, but the quality is
usually poor; single-pane and non-weather tight. The results of the increased size,
changes in construction materials, window area and orientation, are documented
in complaints of uncomfortable winter living in these more modern dwellings. In
addition, reports of water damage resulting from leaking wall and roof joints and
from condensation due to the impermeability of the polyethylene sheet are
common [Ali].
Schools
The schools in the Hunza Valley are constructed in a "self help" fashion
whereby the residents of an area contribute their time and labor during
construction and materials are provided by the Aga Khan support network. These
types of schools are designed to be constructed in phases over time so as funds
become available the schools can be added to and accommodate increasing
numbers of students. Figure 2.3 shows a plan of the Self Help School in Altit.
This particular school is currently in phase II, consisting of 7 classrooms and a
"toilet block". Phases I and IV are shown in dotted lines.
The self help schools use very similar materials of construction to the
modern dwellings, usually concrete block walls and in many cases (Altit included)
concrete block roofs supported by precast inverted 'T' beams. The estimated
resistance values for the walls and roof are approximately R-1.5.
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Figure 2.3. Typical School Floor Plan. Self Help School in Altit, Pakistan. As
received from the Aga Khan Housing Board for Pakistan. School is currently in
phase II of IV. Phases III and IV are shown in dotted lines.
CHAPTER III. THERMAL COMFORT AND BUILDINGS
Thermal Comfort - 'That condition of mind in which satisfaction is expressed
with the thermal environment" [ASHRAE, 1989].
Heat Transfer
One important measure of thermal comfort is the rate of heat transfer
from our body to the surrounding environment. If this rate is too fast or too slow
we may feel hot or cold. Further, due to the differences in human physiology, the
rate of heat transfer for thermal comfort may differ from one individual to
another. For that reason, thermal comfort is usually not defined as a particular
value, rather it is defined to fall within a range of values or a "thermal comfort
zone".
There are four methods of heat transfer between the body and the
environment that effect thermal comfort: conduction, convection, radiation, and
evaporation. The effectiveness of any one or combination of these methods is
dependant on the ambient environment as well as the individual, and his or her
physiology and level of activity.
Conductive heat transfer occurs from a region of high temperature to one
of low temperature via molecular action in the intervening material. Conduction
varies with intervening material thermal conductivity, thickness, and temperature
difference. Conduction from the skin can change greatly depending on the
thermal conductivity of the material in contact with the skin. Air has a relatively
low thermal conductivity (0.17 Btu-in/h ft2 'F), where as cement has a fairly high
conductivity (7.5 Btu in/h-ft2 " F), thus a cement floor often "feels" colder than the
air when in fact they are at the same temperature. Conductive heat loss through
a wall is reduced by decreasing the thermal conductivity of the wall (i.e. insulating
the wall). Insulating the skin (clothing) also reduces conductive heat transfer.
Convective heat transfer refers to conductive heat transfer from one region
to another augmented by the flow of a fluid or a gas, such as air. Convection
varies with the convective heat transfer coefficient (this coefficient takes into
account fluid/gas properties, movement, and surface geometry) and the
temperature difference. Convection from the skin depends on the velocity of air
moving across the skin and the air-skin temperature difference. Buildings are
affected by convective heat transfer in a similar manner.
Radiative heat transfer relies on energy-carrying electromagnetic waves to
transfer heat between objects at different temperatures. This takes place without
assistance from the medium between them. This transfer is dependant on the
temperature difference and the ability of the surfaces to emit and/or absorb
radiation. Radiation heat loss can occur between the body (or a building surface)
and surfaces "in view" of that body (or building surface). In other words, surfaces
a body can "see", unobstructed, will tend to engage in radiative heat transfer with
that body depending on the temperature difference and material properties.
Heat loss by evaporation from the skin depends on the difference between
the water vapor pressure at the skin and in the ambient air, and the amount of
moisture on the skin [ASHRAE]. Evaporation heat loss is also affected by
clothing worn and air movement.
The four heat transfer modes mentioned above can have combined and
interactive effects on thermal comfort. Conductive heat loss in the winter through
walls is greatly reduced by decreasing wall thermal conductivity. A wall with a
lower thermal conductivity theoretically has a higher inside surface temperature.
This higher surface temperature reduces the potential for radiative heat exchange
between the body and the wall. A similar relationship can exist between
convective and radiative heat exchange.
Climatic Effects
Climatic effects on thermal comfort vary dramatically with geography.
Clearly, a warm humid climate has very different thermal comfort challenges than
does a cool dry climate. There are a number of environmental factors which
effect thermal comfort, the most important include: air temperature, air
movement, humidity, thermal radiation. These are the factors most often
controlled in attempts to achieve thermal comfort.
Air Temperature:
The degree to which air temperature differs across a building boundary (or
a person's skin/clothing) has a large impact on heat transfer and therefore
thermal comfort. Air temperature directly affects conductive and convective heat
transfer and indirectly affects radiative heat transfer (air temperature affects the
surface temperature which affects radiative transfer). As such, air temperature -
both indoor and outdoor - is an extremely important element in building design
and thermal comfort. To that end, accurate estimates of the air temperature
differences across a boundary are critical for heat transfer and thermal comfort
calculations. This study will make extensive use of air temperatures in
calculations assessing thermal comfort and fuel use.
Air Movement:
Air movement over a surface (building boundary or skin/clothing) can
increase heat transfer (convective) depending on surface conditions. Natural
outside-air movement - wind - can lead to high levels of cold outside-air
penetration known as infiltration. Building design needs to examine prevailing
wind direction and speed to minimize convective and infiltration heat losses (in
the heating season).
Humidity:
In terms of thermal comfort, the effects of humidity (vapor pressure) can
drastically alter the level of comfort a person feels even at constant temperature.
Humidity also affects building material properties and can have a significant
impact on material thermal conductivity as well as premature degradation.
Solar Radiation:
Solar radiation at the earth's surface can vary widely with geographic
location, elevation, weather (cloud cover) and season of the year. Approximately
three fourths of the direct-normal solar radiation incident on the earth's
atmosphere actually arrives at the earth's surface; the remaining is either
reflected, scattered, or absorbed by dust, gas molecules, ozone or water vapor in
the earth's atmosphere [ASHRAE].
Buildings are affected by both short-wave solar radiation (direct, diffuse,
and reflected) as well as incoming and outgoing long-wave radiation. Direct
short-wave radiation has a large impact on building heating through windows and
walls, while the diffuse and reflected do so to a lesser extent. Long-wave
radiation, emitted from the ground, nearby objects, and the building itself can
have both heating and cooling (radiant from the building) qualities.
Strategies for Thermal Comfort
Strategies aimed at achieving thermal comfort can differ with local climate,
natural resource availability, and culture. On an individual/family level, strategies
can differ with physiology and family economics. In Karimabad the climate
necessitates heating in the winter. As mentioned, this was traditionally
accomplished with wood and open fire; wood was the available natural resource
and fire and smoke are believed to have cultural significance. In addition, the
smoke is believed to have been instrumental in keeping wood boring insects from
nesting and eating the wooden members.
Traditional architecture aided in the thermal comfort strategy by
minimizing the thermal boundary; the thermal boundary of a structure delineates
heated from unheated areas. Also, fewer and smaller windows and doors
decrease conductive, radiative and infiltration heat losses through building
apertures.
Implicit in the cultural living pattern of the traditional family is a thermal
comfort strategy; one-room living (cooking, eating, and sleeping) in the winter
months. A family of six to seven will afford a good deal of occupancy heat gain
within the relatively small thermal boundary of the ha. Clothing makes up the
last line of defense by decreasing conductive and radiative heat transfer from the
body. Karimabad farmers raise sheep for their wool which is woven into various
garments during the long winter months.
Strategies for thermal comfort in modern homes are the same as for
traditional homes, only the need more intense. From discussions with Karimabad
residents, the main strategy for coping with the lower thermal performance of the
modem dwellings is to burn more wood. Apparently the economics of fire wood
have not become prohibitive for these residents. In one case however, inhabitants
reported that during periods of extended cold weather, family members return to
their traditional home (on the same plot of land) because of the comfort it
affords. In fact, thermal comfort has been identified as a reason for keeping the
traditional family residence even after a modern residence has been constructed
[Dunham report].
Thermal comfort strategies to be examined more closely by this study will
focus on minimizing the heat loss through the structure envelope (walls and roof).
The obvious solution to increased thermal performance is increasing the R-value
of the envelope. Unfortunately, in the transition to modern dwellings the exact
opposite has taken place. Other strategies to be examined involve increasing the
effective R-value implicit in the structure design. This can be accomplished by
coupling the building to the ground with one or more buried walls or designing
the dwellings in clusters which share walls thereby reducing the total exposed wall
area. These strategies will be evaluated for their potential fuel (wood) savings in
Chapter V.
Estimating Thermal Comfort in Karimabad
Very little has been documented on levels of thermal comfort in
Karimabad. One effort of this study was to record and analyze daily indoor and
outdoor temperature values over the course of the winter for various structures in
the village. While air temperature is not the only contributor to thermal comfort,
it is a good indicator and will be used as the metric for evaluating thermal
comfort in Karimabad. To this end, six digital display thermometers which show
current indoor and outdoor temperatures were used. These units have three
buttons: Max, Min, and Reset. Pushing the "Max" button displays the memory-
stored maximum indoor and outdoor temperatures. Pushing the "Min" button
displays the memory-stored minimum indoor and outdoor temperatures. The
"Reset" button resets or clears the memory and begins another period of recording
these maximum and minimum temperatures. In addition to the thermometers, a
two-channel, hourly temperature data logger (records hourly indoor and outdoor
temperatures to an internal memory) was used. All of these units were sent to
Karimabad in December of 1994 via a visiting Aga Khan official who graciously
offered to transport these with him. The units were sent with instructions for
locating and installing the units, as well as for operating and data recording
(recording forms were sent for the digital thermometers).
The goal of installation was to have these units placed in both traditional
and modern homes and at least one school. Particular guidelines were included
regarding temperature probe location and position relative to the sun and any
thermal energy sources.
The goal of recording the temperatures was to have actual temperatures
recorded at convenient intervals during the day (8:00 a.m., 12:00 p.m., 4:00 p.m.,
and 8:00 p.m. were suggested), and once per day (presumably at 8:00 a.m. or 8:00
p.m.) press the "Max" and "Min" buttons and record the daily maximum and
minimum temperatures. After recording these temperatures the "reset" button
should be pushed to clear the memory. These data would give a daily
temperature profile as well as the daily maximum and minimum values for both
inside and outside the structure.
All of the units arrived in Karimabad in January 1995, were installed, and
the first readings were taken on February 2, 1995. Copies of the
thermometer/data logger descriptions, instructions, and forms for data recording
are included in Appendix D.
Table 3.1 lists the location and dates for recording of each unit. Note that
there are more locations than units indicating that some of the units were placed
at a location for a period and then moved.
Subsequent to unit installation, a survey form was prepared and sent to
Karimabad. This survey sought answers to questions regarding occupancy, fuel
type and consumption, heating schedule, and a variety of questions related to
structure age and materials of construction. A copy of this survey form is also
included in Appendix D.
Location
Traditional House A
(Karimabad)
Modern House B
(Karimabad):
- Thermometer record
- Data logger
Modern House C
(Karimabad)
Traditional House D
(Karimabad)
Self Help School
(Altit)
Self Help School
(Ahmadabad)
Self Help School
(Gilgit)
Aga Khan Girl's Academy
(Karimabad)
Date of Recording
2/6/95 - 2/28/95
2/2/95 - 2/3/95
2/3/95 - 3/12/95
2/6/95 - 3/12/95
2/5/95 - 2/10/95
2/2/95 - 2/20/95
2/2/95 - 3/3/95
2/4/95 - 3/9/95
2/2/95 - 2/4/95
Table 3.1: Locations and Recording Dates of Temperature Data in Houses
and Schools.
The first set of data returned was for the first week of February. The data
were returned with accompanying photographs of each installation and floor plans
of some of the structures showing unit location (see Appendix D). The units
appear to be installed exactly as instructed; on the north side of structures,
protected from sun and ice, and temperature probes mounted beyond the thermal
boundary layer on the structure's wall. The units were read and temperatures
recorded at the desired intervals. After reviewing the recorded data it became
evident that the procedure for reading and forms used for recording were
different. The data sent back were on forms using the column headings of "Max
in", "Min in", "Max out", and "Min out" with data recorded for the times of 8 a.m.,
12 p.m., 4 p.m., and 8 p.m. Further review indicated that the "Max" and "Min"
buttons were used more than once per day.
In retrospect, after examining all the recorded data, it is evident that these
three-button digital thermometers had three-too-many buttons. The real difficulty
perhaps was not with how to use these devices, but rather how to communicate
how to use these devices. In this case the communication link started here at
MIT, then went to Karachi, Pakistan, then most likely to Gilgit, Pakistan, and
finally to Karimabad. At each stop a new person took over. In Karimabad,
operating instructions were relayed to the home owner who was asked to read and
record these temperatures. The frustration here is not with the logistical or
cultural constraints, but rather with just how close we came to achieving exactly
what was planned. Without knowing what instructions or forms actually made it
to Karimabad, it is hard to identify the weak link. As far as I know, the
instructions and forms made it to Karimabad, but having three buttons on these
units proved to be too tempting to be pushed only once per day. On the positive
side, some of the recorded information is very useful as average daily indoor and
outdoor values. Further, these data are more than likely the first of their kind,
and the lessons learned in their collection make them worth even more.
Temperature Data from Homes:
A. As Recorded by Occupants
After data interpretation, it is surmised that a number of different
temperature recording procedures were followed, and in some cases these
procedures apparently changed during the recording period. At the outset, the
desire was to receive back data such as that shown in Figure 3.1. The values
shown are for the times of 8 a.m., 12 p.m., 4 p.m., and 8 p.m. The graph's X-axis
is segmented in multiples of four, each representing one day. The points
lying on the vertical lines are always an 8 p.m. reading.
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Figure 3.1: Sample of "Fabricated" Temperature Data. Data set showing the desired
daily temperature record for the hours of 8 a.m., 12 p.m. 4p.m. and 8 p.m. Points
lying on the vertical lines are always an 8 p.m. reading.
Data such as this could be used with knowledge of construction materials,
fuel use, occupancy and heating schedule to make estimates of annual energy use
patterns, levels of thermal comfort, and building thermal parameters such as
thermal mass and time lag.
From the temperature data received from houses, only one set resembles
that of Figure 3.1. Shown below in Figure 3.2 are temperature data from
traditional house A in Karimabad for the week of 2/6/95 to 2/9/95. The values
recorded are for the times of 8 a.m., 12 p.m., 4 p.m., and 8 p.m. Again, the
graph's X-axis is segmented in multiples of four, each representing one day. The
points lying on the vertical lines are always an 8 p.m. reading.
Apparently, home owner A's procedure for recording the temperatures was
to push the "Reset" button before each reading and then press the "Max" button -
record the two readings (maximum indoor, maximum outdoor), and then press the
"Mi" button and record the two minimum readings. Because the "Reset" button
was pressed just prior to reading, this results in the maximum and minimum
outside readings being the same and likewise for the inside readings. This is not
all bad; the result is a record of the actual inside and outside temperatures at the
time of recording, the only thing missing here was the daily maximum and
minimum values.
Home owner A's data show that the inside high temperature for the
readings made is usually at 8 p.m. while the outside high, for the readings made,
is usually at either 12 p.m. or 4 p.m. This may be an artifact of the thermal mass
of the building or tied to internal heat sources such as the wood stove and/or
people. The data show an inside high of 570 F and an inside low of about 480 F.
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Figure 3.2: Temperature Data from Traditional House A. Data are for 2/8/95 -
2/14/95, taken at the hours of 8 a.m., 12 p.m., 4 p.m., 8 p.m. Points lying on the
vertical lines are always an 8 p.m. reading.
What is perhaps most telling from the data is that the average daytime (8
a.m. to 8 p.m.) indoor temperature in home owner A's house, from the month of
readings taken, is about 540 F. This is up from an average outside temperature of
about 340 F for the same period.
The data for home owner B's house are shown in Figure 3.3 for the two
days of 2/2/95 and 2/3/95, after which the unit was moved to another location.
Home owner B's home is a newer design made of concrete block. Evident from
these data is a different procedure for reading and recording the temperature
data. Apparently, home owner B pressed the "Max" button and recorded the two
maximum temperatures, and then press the "Min" button and recorded the
minimum temperatures. After each recording he then pushed the "Reset" button,
clearing the memory and ready for the next reading. These data record the span
of time over which the reported value occurred. For example, a reported "Max-
in" value of 430 F at 8 p.m. means that at some time between 4 p.m. (the reading
prior) and 8 p.m., the maximum outside temperature was 430 F.
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Figure 3.3: Temperature Data from Modem House B. Data are for 2/2/95 - 2/3/95,
taken at the hours of 8 a.m., 12 p.m., 4 p.m., 8 p.m. Points lying on the vertical lines
are always an 8 p.m. reading.
Unfortunately, these data do not say exactly when the maximum or
minimum inside temperatures occurred and therefore the only confident assertion
which can be made is that the actual temperature at the time of reading is
somewhere between the maximum and minimum values listed. In light of this,
the average maximum inside temperature over the period was 39.7 F and the
average minimum inside temperature was 35.70 F, for an average inside
temperature of about 380 F. The average outside temperature during these two
days 31* F. Clearly, from the readings taken, the house of home owner B is not at
the same level of thermal comfort as the house of home owner A. The reasons
for this are not clear; assuming this is solely a result of home owner B's house
being a modem design and made of concrete block is presumptuous and
unfounded.
Data from modem house C for the week of 2/6/95 to 2/12/95 are shown
in Figure 3.4.
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Figure 3.4: Temperature Data from Modern House C.
2/12/95, taken at the hours of 8 a.m., 12 p.m., 4 p.m.,
vertical lines are always an 8 p.m. reading.
Data are for 2/6/95 -
8 p.m. Points lying on the
In the case of home owner C the recording procedure seems to have been
varied over the period. Most days it appears that home owner C used the "Reset"
button only once per day, at the beginning of the day, but in other cases used it
after taking a reading during the day. This procedure, unfortunately excludes the
hours of 8 p.m. to 8 a.m. from the record because the last recorded value is at 8
p.m. before the "Reset" is pushed at 8 a.m., purging the nighttime data.
However, because the "Reset" was pressed just prior to the 8 a.m. reading, this
procedure does give the actual inside and outside temperatures (not maximum or
minimum) at 8 a.m. From this recording procedure, what can be confidently
asserted is that the actual temperature (aside from the 8 a.m. reading) is
somewhere between the maximum and minimum values listed at any given time.
Here, the average inside temperature for the readings taken is about 40' F.
Data from traditional house D proved to be inconsistent and of little value.
B. As Recorded by Data Logger
The data recorded by the hourly temperature data logger are for the
period 2/3/95 to 3/12/95 and are from modem home B. Note that home owner
B also had a thermometer in his home just prior to the placement of the data
logger (2/2/95 to 2/3/95). The only overlap recordings are for the day 2/3/95.
Because of the recording procedure used for the thermometers it is difficult to
compare actual readings for specific times of the day made by the two devices.
However, it is reasonable to compare the average values. From home owner B's
recordings the average inside temperature on 2/3/95 was 37.4 OF while from the
data logger the calculated average was 37.9' F. The outside temperatures were
not so close; from home owner B's recordings the average outside temperature
was 34.50 F, while the data logger average was 30.9 ' F. Part of this discrepancy
can be traced to the fact the recordings made by home owner B do not include
the hours between 8 p.m. and 8 a.m., presumably the coldest parts of the day.
Therefore, it is expected that his average would be higher than the data logger
average. Overall in comparing the two data sets, albeit for only one day, the
results give some level of confidence in the data recorded by the residents,
specifically for average inside temperatures.
Shown in Figure 3.5 are hourly temperature data from modem house B for
the period 2/3/95 to 2/7/95; there are a number of interesting points. First, it is
interesting to note the low indoor temperatures with an average over the period
of 38.6 * F. This value is above the outside average of 32.30 F by only 6.30 F.
Second, the indoor diurnal temperature swing is on average about 5' F, while the
outdoor diurnal temperature swing is about 180 F. Unfortunately, without detailed
knowledge heating use and occupancy schedules (survey forms have not yet been
returned for house B) it is difficult to correlate these temperatures with wood
consumption or thermal mass benefits.
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Figure 3.5 Hourly Temperature Data for Modem House B. Data are for 2/3/95 to
2/7/95. Each '24" on the graph indicates the start of a new day.
A summary of the temperature data from the data logger over the entire
recording period, 2/3/95 to 3/12/95, is presented in Table 3.2.
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Location Average Average Indoor Outdoor
Indoor Outdoor High/Low High/Low
Temperature Temperature "F *F
OF 'F
Modem 41.8 35.3 61.1/35 54.2/20.6
House B
Table 3.2: Summary of Data Logger Recorded Temperature Data from House B.
Data for the period 2/3/95 to 3/12/95 as recorded by hourly data logger in the
modem home B, Karimabad, Pakistan.
Temperature Data from Schools
Data were recorded at four different schools; three in the Karimabad area
and one in Gilgit (70 miles to the south). The schools are typically constructed of
concrete block with no insulation and, because most are not heated, many are not
used in the cold winter months. This is unfortunate because in the winter months
the children do not have as many family responsibilities (planting, watering,
harvesting, tending to animals, etc.), making this an ideal time for education. At
this point, other than assuming the thermometers were placed in occupied schools
(as asked), we do not know the actual occupancy nor the occupancy schedule of
any of the schools recorded.
A sample of the temperature data from the Self Help School in Altit from
the dates of 2/3/95 to 2/9/95 are shown in Figure 3.6. Altit is the neighboring
village to the north of Karimabad. These data look remarkably similar to the
data taken in house C, indicating a similar recording procedure. In fact, the
recording procedure looks to be identical; on most days the temperature Reset
button was pressed at 8 a.m. and the maximum and minimum temperatures were
read at 8 a.m., 12 p.m., 4 p.m., and 8 p.m. As with the data from house C, the
only assertion that can be made is that the actual temperature at the time of
recording is somewhere between the maximum and minimum values listed. In
light of this, the average maximum inside temperature between the hours of 8
a.m. and 8 p.m. was 38.90 F with a high of 48" F. The average minimum inside
temperature was 37.2' F and a low of 34 F. The data show that the maximum
inside temperatures peaks at between 12 p.m. and 8 p.m. and the average inside
temperature between 8 a.m. and 8 p.m. is 380 F. These data indicate that, at the
warmest, this school is rarely over 450 F, by no means a comfortable learning
environment.
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Figure 3.6: Temperature Data from the Self Help School in Altit. Data are for
2/3/95 - 2/9/95, taken at the hours of 8a.m., 12 p.m., 4 p.m., 8 p.m. at the Self
Help School in Altit Pakistan. Points lying on the vertical lines indicate an 8 p.m.
reading.
This school was not reported to have heat. Assuming this is true, the
diurnal inside temperature swings are related to conduction, solar, and occupancy
heat gains only. Figure 3.7 shows how the maximum inside temperature varies
with the maximum outside temperature. As the outside temperature increases
over the day, so too does the inside but at a slower rate probably due to thermal
mass and resistance of the structure (see first five days of 2/3/95 - 2/9/95).
When the maximum outside temperature is less than the maximum inside
temperature, the inside temperature drops as the heat exchange is in the other
direction (see day six of 2/3/95 - 2/9/95).
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Figure 3.7: Temperature Data (max/min in, average out) from the Self Help School
in Altit. Data are for 2/3/95 - 2/9/95, taken at the hours of 8a.m., 12 p.m., 4 p.m.,
8 p.m. at the Self Help School in Altit, Pakistan. Points lying on the vertical lines
indicate an 8 p.m. reading.
A sample of the temperature data for the self help school in Ahmadabad is
shown in Figure 3.8. The recording procedure here appears to be the same as for
the Altit school; "Reset" pressed at 8 a.m. and temperatures recorded at 8 a.m., 12
p.m., 4 p.m., and 8 p.m. What differentiates the Ahmadabad school from the
others is that it has heat (presumably electric). The data returned indicated that
on 2/21/95 through 3/1/95 the heat was used between the hours of 8 a.m. and
1:30 - 2 p.m. Figure 3.9 shows minimum inside and minimum outside
temperatures for two days prior to and for five days after the heat was turned on.
It is interesting to note that the heat was used when the minimum outside
temperature dropped below 25' F, indicating that heat is use when necessary
(perhaps when the inside temperature is in danger of falling below the non-heated
average of 360 F). On the other hand, heat use could depend only on electricity
availability.
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Figure 3.8: Temperature Data (without heat) from the Self Help School in
Ahmadabad. Data are for 2/3/95 - 2/9/95, taken at the hours of 8a.m., 12 p.m., 4
p.m., 8 p.m. at the Self Help School in Ahmadabad, Pakistan. Points lying on the
vertical lines indicate an 8 p.m. reading.
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Figure 3.9: Temperature Data (with heat) from the Self Help School in Ahmadabad.
Data are for 2/19/95 - 2/25/95, taken at the hours of 8a.m., 12 p.m., 4 p.m., 8 p.m.
at the Self Help School in Ahmadabad, Pakistan. Points lying on the vertical lines
indicate an 8 p.m. reading.
During the days using heat, the average maximum inside temperature was
430 F with a high of 500 F. The average minimum inside temperature was 40' F
with a low of 220 F. With the heat on, the indoor temperature peaks between 12
p.m. and 4 p.m. and the average inside temperature between 8 a.m. and 8 p.m. is
about 420 F. It is interesting to note that on the days when the heat the heat is on
the average temperature difference (Tin - Tout) is about 7.3" F, while on the days
without heat the average temperature difference is 4.8' F. All else equal, the
quantity of energy delivered as heat to the classroom affords an increase in the
average temperature difference of about 2.50 F.
Excluding the days when there was heat, the maximum inside temperature
was 400 F with a high of 470 F. The average minimum inside temperature was
380 F and a low of 250 F. The data show that the maximum inside temperature
usually peaks between the hours of 12 p.m. and 8 p.m. and the average inside
temperature between 8 a.m. and 8 p.m. is about 390 F, 3 "F lower than the
5- ----- - ---
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average with the heat on.
The temperature data for the remaining two schools, the Aga Khan Girl's
Academy and the Self Help School in Gilgit, have little value due to improper use
of the thermometers and is therefore not shown here.
A summary of the temperature data received to date is included in Table
3.3.
Inside High Inside Low
*F F
53.6
37.7
39.7
38.5
49.2
46.8
49.2
House A (T)
House B (T)
House C (M)
Altit School
Ahmadabad
School:
Heat
No Heat
Both
(T) =Traditional
(M) = Modern
Table 3.3: Summary of Occupant Recorded Temperature Data Recorded in Homes
and Schools. Temperature data summary from homes and schools as recorded by
occupants for winter 1995. Indoor temperatures are averages from occupant
recordings of min/mar values during the hours between 8 am. and 8 p.m.. Outdoor
temperatures are as recorded by the hourly temperature data logger at house B;
variations in outdoor temperatures from house B to other recording locations is
assumed to be minimaL
Though these data are not complete in that they represent averages over
Average
Inside 'F
60.8
50.5
46.8
48.2
47.1
33.6
35.2
33.5
34.1
31.1
35.3
35.1
41.5
39.0
40.0
36.1
33.8
38.6
34.2
34.2
34.2
Location Average
Outside*0F
the hours of 8 a.m. to 8 p.m. taken at four-hour intervals, they are revealing in
what levels of thermal comfort are achieved during these hours.
Evident from these data are the relatively low levels of thermal comfort in
homes and schools in Karimabad. Also revealing are the inside high temperatures
which indicate that at some point during the day the structures are heated to a
higher level of thermal comfort.
CHAPTER IV. INFILTRATION
Calculation and Measurement
Infiltration is the unintended flow of cold outdoor air into a building. This
flow usually occurs at joints in the walls and roof, as well as around windows and
doors. The energy use/thermal comfort consequences of infiltration can be
significant depending on the air temperature difference and the air exchange rate.
There are two main methods of estimating air infiltration rates in buildings;
measurement based methods and calculation based methods.
The measurement based methods fall into one of two categories, tracer gas
or air pressurization. The tracer gas technique involves releasing a non-reactive,
non-toxic gas into the indoor environment and monitoring the concentration over
time. This concentration can be used to related the rate of indoor air exchange
with outdoor air. Tracer gas techniques assume that the concentration in the
building over time is uniform. Proper initial distribution of tracer gas (either
injected or source canisters) is crucial to uniform concentration. Homes in
Karimabad may require different placement/injection protocols than western style
homes due to the floor plan and seasonal living pattern.
The second technique, air pressurization, is based on the so called blower
door test. A blower door test is a procedure whereby a building is pressurized by
a large fan unit temporarily set in a main entry door or window. This fan induces
a flow of air which creates a pressure difference between the building and the
outside atmosphere. The flow necessary to maintain this pressure difference is
related to the amount of air leaking out of the structure which is then correlated
with an effective leakage area necessary for this flow. Once an effective leakage
area is estimated, a correlation between leakage area and variables such as wind
speed and thermal pressure gradients can be used to estimate the overall air
change rate. This correlation was developed by Lawrence Berkeley Laboratories
(LBL) and has the following form:
Q = L[A(Ti -To) +Bv 2l 112
Where:
Q = air flow rate, cubic feet per minute, cfm
L = effective leakage area, in2
A = stack coefficient, estimated at 0.0156 cfm2 /in 4 F
Ti= inside temperature,' F
T. = outside temperature,' F
B = wind coefficient, estimated at 0.0065 cfm2 /in4 mph2
v = average wind speed, mph
The calculation based methods rely on estimates of infiltration areas
known as either effective leakage areas or crack lengths [ASHRAE]. In either
case, the total area of the openings allowing infiltration are estimated. This is
done by estimating the leakage area around each potential source of infiltration
(wall joints, windows and frames, doors and frames). Because leakage areas are
difficult to see or estimate, empirically determined values have been derived for
the major infiltration components [ASHRAE]. These estimates are given by
component in values of leakage area (in2 ) per unit area of component (window or
door) or leakage area (in2 ) per unit length of perimeter (joint of wall to floor and
ceiling). Using these values a total effective leakage area can be estimated for
the building of interest. Caution must be exhibited when using the results of this
method because the component estimates of air leakage could be very different
than the building of study depending on building construction. This is particularly
true in Karimabad where construction materials and practices are very different
than in most western countries. Once the total leakage area is estimated it can be
used with the LBL model to estimate infiltration.
Infiltration Estimates in Karimabad
For this study the logistics of attempting either of the measurement based
techniques proved to be too difficult, therefore an estimate of infiltration was
made using the calculation based method.
Shown in Figure 4.1. are estimates of leakage by leakage component for
the ha of house B. The ha was the only room considered because that is the main
winter living area.
Table 4.1: Leakage Component Estimates from Modem House B. Leakage
components estimated for the ha only in modem house B, Karimabad, Pakistan.
The component leakage factors used are the maximum values as listed in
ASHRAE. The justification for using the maximum values is that during visits to
home owner A's and other homes, there were significant gaps noted (in some
cases daylight could be seen) around window and door frames. In all probability
these gaps are far larger than those covered by the ASHRAE estimates, therefore
this calculation may underestimate heat loss.
The estimated value of leakage area, 31.2 in2 was used in the LBL
equation and results in an air change rate of 2,418 ft3 /h. This rate is then
divided by the volume of the ha (3,305 ft3 ) to arrive at an infiltration rate in air
changes per hour (ACH) 0.73. Due to the uncertain nature of this calculation
and the reports of cold air entering the ha during the winter (see survey forms in
Appendix D) the actual value of infiltration probably lies in the range of 0.75 to
2.0 ACH, which would put these values on par with older (low income) homes in
the United States [ASHRAE]. For purposes of calculating energy use by this
study, a value of air change of 1.0 ACH will be used.
A final cautionary note on air infiltration; while infiltration does result in
energy loss, a certain amount of fresh outside air is necessary for a healthy
environment. This is particularly true in any closed space in which there are
other contaminants; in Karimabad the contaminant is smoke. Under no
circumstances should the issue of reducing infiltration be addressed prior to
improving the indoor air quality. In the two survey forms returned by residents
(traditional house A and modern house C) it is very clear that there is a great
indoor air quality problem; both residents reported that there is "always" smoke in
the ha (see survey forms in Appendix D)
CHAPTER V. ENERGY ANALYSIS
The analysis of energy consumption of any structure is a complex task.
There are numerous interactive effects and variables specific to the structure, its
location and use, which serve to complicate this task; the dwellings in Karimabad
are no different.
A goal of this study was to develop a relatively simple yet accurate method
of evaluating energy consumption in both traditional and modem dwellings. It
was the intent to have this analysis tool in a format that could be used by those
who are not familiar with computers. Also, consideration was given to necessary
platform (hardware) and availability of inputs; particularly weather and indoor
temperature data. The resulting tool is a steady-state spreadsheet model which
calculates energy consumption based on building construction, occupancy and
weather data. Because of the climate and current energy situation, heating was
the only fuel-use assessed. When this model was developed, outdoor
temperatures were available only as average monthly highs and lows, and indoor
temperatures were only available as verbal estimates. As the preceding chapter
presented, we now have a better idea of some of these values.
Steady State Analysis
As a basis, this model uses the fundamental laws of heat transfer to
estimate heat loss and heat gain in existing and proposed structures. The model
balances heat loss with heat gain and estimates either average indoor
temperature, or fuel-use to maintain a "desired" average indoor temperature, for a
given set of inputs. The factors affecting heat transfer used in the model are
listed Table 5.1, below.
Winter Heat Gain Winter Heat Loss
Solar: Building Shell:
windows windows
walls walls
roof roof
doors
People Ground
Heat Source Infiltration
Table 5.1. Steady-State Model Factors Affecting Heat Gain and Heat Loss.
Appendix C. contains a printout of model code, technical documentation,
directions for use, and sample input screen.
Heat Gain
Solar gain through windows is estimated by using solar heat gain factors as
published by ASHRAE for 36 degrees north latitude. These values, reported for
the 21st day of each month, are given in BTU/h-ft2 , for the 16 cardinal directions
(every 22.5 degrees from north) and for the horizontal. These values are based
on experimentally determined heat gains through reference double-strength sheet
glass having a transmittance of 0.86, a reflectance of 0.08, and an absorptance of
0.06, at normal incidence [ASHRAE]. With these data in the model, the solar
radiation effects on a dwelling can be examined for any one of the 16 cardinal
directions. The model references the correct orientation when the building
orientation data is entered (see Appendix C. for instructions for model use). The
model derates incident solar heat gain factors by a glass shading coefficient (1.0
for single pane-similar to reference-glass, and 0.88 for double pane glass) as well
as an average monthly cloud cover factor (rumored to be as high as 60 percent for
Karimabad in the winter months).
The solar gain through the walls and roof is estimated by again using the
solar heat gain factors. In addition, a procedure for estimating heat gain through
exterior surfaces called Sol-Air Temperature Method is used. This method,
developed by ASHRAE, estimates the outdoor temperature necessary to give the
same rate of heat transfer into the wall or roof surface as would the combined
effects of incidental solar radiation (short-wave radiation), radiant energy
exchange with the sky and other outdoor surroundings (long-wave radiation), and
convective heat exchange with the outdoor air. As expected, this value varies
inversely with wall/roof R-value and outside convective/radiative heat transfer
coefficient as shown below:
q = [(T,- T;) + -(
Where:
q = heat exchanged, Btu/h
A = surface area, ft2
R = thermal resistance value, h-ft 2 0F/Btu
T.= outdoor air temperature,' F
T= inside air temperature,' F
a = absorptance of the surface for solar radiation
It = total solar radiation incident on surface, Btu/h-ft2
ho= coefficient of heat transfer by longwave radiation and convection at
the outer surface, Btu/h-ft2 *F
e = hemispherical emittance of the surface
6r= difference between long-wave radiation incident on and emitted by
the surface, Btu/h-ft2
In the case of vertical surfaces, Sr is estimated to be zero [ASHRAE].
This is because longwave radiation is both emitted and absorbed from the sky,
surrounding buildings, and the ground leading to an estimated negligible
combined net heat transfer effect. In the case of horizontal surfaces in full view
of the sky there is a net heat transfer effect. In this case "Sr" is estimated at 20
Btu/h-ft2 , "e" is 1.0, and "h." is estimated at 3.0 Btu/h-ft2 0 F. These lead to a
value of 70 F for the "e 6r/h" term in the above equation. This term serves as a
correction term by reducing the heat gain on flat surfaces (roofs) to account for
radiative heat loss to the sky.
In addition to the cloud cover and shading coefficient adjustments
previously discussed, the window and wall/roof solar potential is further reduced
to reflect large obstructions (mountains) to incident solar energy. These
reductions make use of the altitude and azimuth angles of mountains taken in 15
degree increments at a central location in Karimabad. These angles are plotted
on a sun path diagram using a "Sun Angle Calculator" [Libby-Owens-Ford] for the
36 degrees north latitude. The resulting diagram, Figure 5.1, shows the sun's path
on the 21st day of each month projected onto a horizontal surface (curved lines
running east to west). The curved lines running north to south indicate solar time
on each day. The dark line connecting the plotted points represent obstructions
to the sun. This line of obstructions can be used to calculate which hours of the
day (on the 21st day of each month) the sun is obstructed. Then, using these
hours, the corresponding solar heat gain factors can be adjusted. Figure 5.1 shows
that in the winter months, when solar energy is most needed, the mountains
reduce the solar availability by approximately 3 hours in December, 2.5 hours in
January, and 2 hours in February. This, coupled with the relatively high winter
cloud cover, reduces the overall impact that a passive solar design may otherwise
have in this region.
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Figure 5.1: Yearly Sun Path Diagram for Karimabad, Pakistan. Sun path diagram
[Libby-Owens-Ford] with obstructions (dark black line) for Karimabad, Pakistan.
People represent a heat gain of approximately 250 Btu/hr (sensible heat,
average adult, moderately active)[ASHRAE]. The model requires the number of
occupants and an average percent of the month occupied. This input can have
significant effect on energy calculations in a Karimabad dwellings where the
average family size is six to seven, the winter-occupied area is small, and the
percent of occupied time is estimated to be fairly high.
The last entry on the heat gain side of the equation is the model-calculated
fuel consumption. The model will calculate the average annual fuel consumption
based on the structural inputs, occupancy and weather data. This calculation
requires an input of the higher heating value of the fuel (wood is about 8,000
Btu/lb) and an estimated heating unit efficiency (current stoves are estimated by
60
the author to be a maximum of 50 percent efficient).
Heat Loss:
As with most structures, the building shell (walls, roof, doors and windows)
represents a significant potential for heat loss. The heat loss mechanism
prevalent here is conduction and is directly related to the temperature difference
and thermal conductivity of construction materials by Fourier's law of conduction.
The model inputs for this section require area and resistance values of walls, roof,
doors and windows by orientation.
q Aq = -( To-Ti )
Where:
q = heat exchanged, Btu/h
A = surface area, ft2
R = Thermal resistance value, h-ft2 0 F/Btu
T= outdoor air temperature," F
T= inside air temperature," F
The ground can both aid or hinder heat transfer depending on the building
design and soil temperatures. In the case of Karimabad, it is assumed that all
structures are built slab-on-grade (no basement). Heat transfer from the slab-type
floors to underlying ground is shown [Wang] to occur mostly through the
perimeter rather than through the floor. As such, heat loss coefficients have been
developed and are used with building perimeter length and inside/outside
temperature differences to estimate heat loss through the slab. This analysis is
used by the model with the required input being the total perimeter length of the
structure as shown below:
q = FP(T-T)
Where:
q = heat exchanged, Btu/h
F = heat loss coefficient for 8" uninsulated block wall and 5,350 heating
degree days, 0.68 Btu/h-ftOF
P = exposed perimeter length, ft
T.= outdoor air temperature, F
Ti= inside air temperature,'F
A second path for heat transfer to the ground occurs when the design
incorporates a buried wall. In this case, depending on depth of burial, the ground
will increase resistance to heat transfer relative to the outside air. Further,
ground temperature is usually warmer than air temperature in the winter and
cooler in the summer, so ground-coupled buildings have the added benefit of
increased heat transfer of unwanted heat during the summer months. In addition,
a buried wall effectively increases the thermal mass of the structure and thereby
can aid in decreasing indoor diurnal temperature swings. A cautionary note on
buried walls; proper water draining (storm draining) must be provided as well as a
water-tight earth/wall barrier to prevent leakage.
The model estimates heat loss through buried walls by estimating the
resistive contribution of each vertical foot of buried wall and assuming steady-
state one dimensional conduction [Houghten]. The model requires the number of
lineal feet of buried wall by wall orientation, and depth of burial (capability exists
to partially bury wall in 1 foot increments) and uses the indoor and outdoor
temperature difference. The formula is shown below:
q = ERP(T -T)
Where:
q = heat exchanged, Btu/h
:= term estimating thermal resistance per foot of buried wall,
Btu/h-ft *F
P = exposed perimeter length, ft
T.= outdoor air temperature,' F
Ti= inside air temperature,' F
A more accurate approach to this problem entails a two dimensional
transient heat transfer analysis requiring values of soil conductivity and a
temperature-depth profile, both of which are unavailable.
Infiltration is the unintentional flow of cold outside air into a building.
This flow can occur around windows and doors (and their frames), also joints in
walls and roofs. The energy-use and thermal; comfort consequences of infiltration
can be significant depending on the temperature difference and the air-exchange
rate. The required input to the model is the number of volummetric air changes
resulting from infiltration per hour. This value is usually referred to as the air
changes per hour (ACH). This rate is highly dependent on the type and quality of
construction, as well as window and door quality. The calculation of an ACH rate
is, at best, an inexact science. The measurement of ACH (as discussed in Chapter
IV) is considered a more accurate method, yet still subject to difficult to control
variables.
Typical infiltration rates in ACH for western style residents vary from 0.25
to 1.0 for new (weather-tight) construction and 0.5 to 2.0 for older (low income)
construction [ASHRAE]. By using the calculation based method, a range of ACH
of 0.75 to 2.0 for residents in Karimabad was estimated. The lower value is more
likely found in the older homes which use the traditional rendering and have
fewer windows and doors. The higher value may represent either poorly sealed
older homes or newer homes which are larger, have more windows and doors and
do not use the traditional rendering. The energy implications of air infiltration
are calculated by multiplying the ACH rate by the specific heat and density of air,
and the indoor/outdoor temperature difference as shown below:
q = ACH V pCp(To-T)
Where:
q = heat exchanged, Btu/h
ACH = volummetric air change rate, #/h
V = Volume of residence, ft3
p = density of air, lb/ft3
Cp = specific heat of air, Btu/lb" F
T. = outdoor air temperature,* F
T = inside air temperature,' F
In its current state, this model is perhaps best suited for looking at changes
in energy consumption as design parameters change, rather than absolute values
of energy consumption. For example, the model is well suited for examining the
energy consumption for two designs; one may have single-pane north-facing
windows and a high infiltration rate, while a second design incorporates a buried
north wall, south-facing windows and a reduced infiltration rate.
Model Applications
A number of interesting conclusions can be drawn using this model by
systematically varying key inputs and graphing the output. Below are a series of
graphs showing changes in wood consumption as a function of key design
parameters. The design parameters examined include wall R-value, buried walls,
shared walls, infiltration, and window size and quality. For this series of model
calculations house B was used (floor plan is found in Chapter II, Figure 2.2).
Listed in Table 5.2 are the inputs which were held constant and/or the initial
value inputs for house B.
Input
Structure area
Ha area
Orientation
Initial wall R-value
Initial roof R-value
Initial window/skylight R-value
Door R-value
Initial window size by orientation
Door size and orientation
Skylight size
Cloud cover
Occupancy
Percent of time occupied
Stove efficiency
Average measured Tin
Value
25 ft x 48 ft
18 ft x 20.4 ft
Long axis: east-west
Concrete block R-1.5
Modem style R-5.1
R-1.0
R-1.5
Structure:
North:
South:
East:
West:
10.8 ft2
25.0 ft2
16.2 ft2
0.0 ft2
North:
South:
East:
West:
Ha:
0.0 ft2
0.0 ft 2
0.0 ft2
0.0 ft2
12.6 ft2
21.0 ft2
16.8 ft2
12.6 ft2
9 ft 2
60 %
6
60 %
50 %
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Table 5.2:
calculation
plan).
Steady State Model Inputs for Modem House B.
of the heat loss of house B, Karimabad, Pakistan
Model inputs for
(see Figure 2.2 for floor
Note in Table 5.2 that both the structure and the ha sizes are listed, this is
because in the winter months the ha is usually the only space heated and
therefore its perimeter makes up the thermal boundary. When calculating the
energy consumption of just the ha the calculation should include a reduced
temperature difference (Tout-Tin) to reflect the temperature of the unheated
space between the thermal boundary and the outside air. The model can be used
to estimate this reduced temperature difference (Tunheated room - Tin) by first
estimating the unheated room temperature (Tunheated room) due to conduction
through the adjoining wall. This is done by using the ratio of wall areas and the
thermal resistance values with the inside and outside temperatures in the
following formula [ASHRAE]:
[Ti ( Al A2A3A4
Tunheated room = Al R2 R3 R4
Al 1A2+A3.+A4
R1 R2 R3 R4'
Where:
T unheated = temperature of unheated room, 'F
Ti= inside air temperature, OF
To= outdoor air temperature, *F
Al = area of adjoining wall, ft2
A2 = area of outside wall, ft 2
A3 = area of outside wall windows, ft2
A4 = area of roof
R1-R4 = thermal resistance values of above areas.
The unheated room temperature increase due to conduction through the
wall of the heated space is approximately 3.2OF. Added to this value is the
unheated room temperature resulting from solar gain through the windows, walls
and roof. This is estimated by using the model to calculate the inside
temperature of only the unheated space. These two components together raises
the unheated room temperature by about 4.6 F in the month of January (3.20 F
from conduction through the wall, and 1.4' F from solar gain) above the outside
temperature of 28.4' F. The temperature difference (Tout - Tunheated room) is
used to develop a "effective R-value" of the adjoining wall. This is possible only
because of the linear relationship that exists between heat transfer, wall R-value,
and temperature difference. Of course, this calculation must also reflect the
reduced solar gain through the wall as now the shielded-wall thermal boundary of
the ha does not receive any direct solar radiation. Further energy savings are
possible with this configuration (thermal boundary inside of structural boundary)
via a potential reduction in infiltration however, due to the uncertainty in the
infiltration calculation, this analysis does not take credit for any reduced
infiltration.
Figure 5.2. presents the "base case" calculated heat loss for house B. The
calculation is for the ha only (thermal boundary is the perimeter of the ha) and is
considered an estimate of his current energy use. The figure shows the heat loss
by component (walls, roof, infiltration, perimeter, door, and windows) and
estimates a total heat loss of 10.58 million Btu (MBtu) per year.
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Figure 5.2: Base Case Annual Heat Loss from Modem House B. Heat loss, by heat
loss component, from modem house B, Karimabad, Pakistan.
It is worth noting the large percentage of heat lost through the walls,
roughly 66 percent. Heat loss through the roof, building perimeter, and by
infiltration (1 ACH) are similar in magnitude. The negative heat loss (heat gain)
by glass is through the skylight above the center of the ha. This skylight, 9 ft2 , is
larger than most (4 ft2 ) but is the approximately the size found in house B.
Figure 5.3 displays the annual heat loss for home owner B's house as a
function of wall R-value; all other parameters are held constant. The shape of
this graph has particular relevance when deciding on levels of insulation. Of
interest is the relatively large incremental reduction in energy loss when the R-
value is increased from R-1.5 to R-5.5.
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Figure 5.3: Heat loss as a Function of R-Value from Modem House B. Heat loss
(in million Btu) as a function of wall R-value for modem house B, Karimabad,
Pakistan.
The shape of this curve is an excellent example of the law of diminishing
returns. The important point to this graph is the so called "knee" in the curve.
The knee occurs, depending on your definition, between R-2.5 and R-5.5, after
which returns from adding insulation are definitely diminishing. For home owner
B's house, increasing the R-value of the walls by R-5 would reduce his annual
heating needs by nearly one half.
The modelled base case scenario of home owner B's house estimates that
he burns about 2140 lbs of wood (8,000 Btu/lb of wood, and a stove efficiency of
50 percent) per year to maintain his average indoor temperature of 420 F. This
estimate takes credit for all solar and occupancy heat gains. Table 5.3 presents
wall R-values and the resulting inside temperatures achieved by burning the same
amount of wood as the base case. Note that if home owner B increased his wall
R-value to 6.5 and burned nearly the same amount of wood (2,179 lbs) as the
base case, he would increase his average inside temperature to about 49.5 " F.
R-value
h-ft2 *F/Btu
1.5
2.5
3.5
4.5
5.5
6.5
Wood use
lbs/yr
2,137
2,087
2,130
2,091
2,117
2,179
Resulting Tin
*F
42
44.5
46.5
47.5
48.5
49.5
a ___________________________ I __________________________
Table 5.3: Average Inside Temperatures
value for Constant Yearly Wood Use.
for Modem House B as a Function Wall R-
Shown in Figure 5.4 is the annual heat loss for the same base case house of
home owner B, only now the north wall has 27 ft2 of window area (15 percent
window to wall ratio). This graph indicates an increase in annual heat loss over
the base case of 0.06 MBtu per year. It is important to understand that north-
facing windows, while providing light, can reduce the overall energy efficiency of
the structure. Furthermore, windows are expensive so their orientation should be
directed for solar gain and reduced energy consumption and not the opposite.
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Figure 5.4: Heat loss from Modem House B with 27ft2 of North Facing Window.
Note that this configuration results in a net increase in heat loss over the base case
having no north facing window area.
An example of home owner B's base case house with 27 ft2 of south facing
window area is shown in Figure 5.5: evident here is 10 percent reduction in
energy consumption over the base case. This reduction is due only to the addition
of the south facing window and, when compared with Figure 5.4, makes an
excellent case for south facing glass.
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Figure 5.5. Heat loss from Modem House B with 27ft2 of South Facing Window.
Note that this configuration results in a net decrease in heat loss over the base case
having no south facing window area by approximately 10 percent.
Much of the building in Karimabad takes place on relatively steep slopes.
Typically this requires the removal of earth for leveling the building site and
construction of a retaining wall to hold the uphill soil. During our visit we
observed a number of houses, both traditional and modem, in which the back wall
of the structure was built very close (within 2 to 5 feet) of the retaining wall. This
is peculiar in that two walls were built where theoretically only one was necessary;
in other words why wasn't the back wall of the structure also the retaining wall?
The answer to this question is not clear but rumors are that it may relate to
perceived problems with water leakage or property rights issues. Putting
problems, perceived or real, aside Figure 5.6 presents the base case example with
a buried north wall. This design reduces the annual energy consumption by about
17 percent (10.58 MBtu to 8.7 MBtu) per year.
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Figure 5.6: Heat loss from Modem House B with a Buried North Facing Wall. Note
that this configuration results in a net decrease in heat loss over the base case by
approximately 17 percent.
Cluster housing has been a traditional architectural form in Karimabad for
many years. In the older parts of the village houses are clustered and in some
instances even sharing walls [Ali]. Sharing walls has definite advantages in energy
savings, provided both sides of the wall are at relatively the same temperature.
Figure 5.7 shows the effect of sharing the east wall of house B. This east wall is
considered an adiabatic wall; when there is no temperature difference, there is no
heat transfer. Note that sharing the east wall (hopefully with a neighbor of
similar thermal comfort criteria) reduces the annual energy consumption by 17
percent.
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Figure 5.7: Heat loss from Modem House B with a Shared East Wall. Note that this
configuration results in a net decrease in heat loss over the base case by
approximately 17 percent.
Traditional versus Modern
A comparison of relative energy consumption for traditional house A (see
Figure 2.1 for floor plan) and modem house B (Figure 2.2 for floor plan) was
completed. In both cases the ha perimeter was used as the thermal boundary. In
the case of house A the ha is 403 ft2, has 1 door to the outside and 1 door to an
attached storage room, no windows, and a skylight of about 4 ft 2 . In the case of
house B the ha is approximately 367 ft2, has 1 door, no windows, and a skylight of
about 9 ft2 . From an energy efficiency standpoint, the differences between the
two structures lie in the wall R-values (2.6 for house A and 1.5 for house B) and
in the roof R-values (11 for house A and 5.1 for house B). For comparison
purposes, both houses were assumed to be the temperature of house B, 42" F, and
both were assumed to have an infiltration rate of 1 ACH. Figure 5.8 shows, by
component, how the two homes compare. Note that house A has roughly 30
percent less heat loss because of the increased wall and roof R-values.
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Figure 5.8: Heat Loss Comparison Between a Traditional Home and a Modem
Home. Heat loss comparison between traditional house A and modem house B,
Karimabad, Pakistan. Note house A has roughly 30 percent less heat loss than house
B.
Examining the heat loss of home owner A's house the model estimates that
if he burned the same amount of wood as home owner B's base case (2,137
lbs/yr) his average indoor temperature would be 46 F, up from home owner B's
average indoor temperature of 42 F. From the temperature data recorded for
home owner A's home, his average indoor temperature during the winter months
is about 54 'F. Using this as the desired inside temperature the model calculates
an estimated annual wood consumption of 4,940 lbs/yr. By way of comparison,
home owner B's home would use an estimated 7,600 lbs/yr to maintain an
average inside temperature of 540'F.
As a last model run, a "best design" scenario was input. This design is
again based on the modem house of home owner B with the following changes:
R-5 added to all walls (671 ft2 ), a 27 ft2 window added to the south facade, the
north wall buried, and the east wall shared. While incorporating all of these
measures surely wouldn't be practical for home owner B's existing home (in fact
insulation may be the only practical retrofit for existing homes), in the case of
new construction there may be instances where they all could be used. The
results of these changes are shown in Figure 5.9.
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Figure 5.9: Best Design Annual Heat Loss. 'Best design" annual heat loss, by heat
loss component, starting with the modem house B, Karimabad, Pakistan. Note that
this design results in a 60 percent reduction in heat loss over the base case.
Note that this design results in a 60 percent reduction in heat loss over the
base case (10.58 to 4.25) and if, in this "best design" scenario, the same 2,179 lbs
of wood were burned its occupants would enjoy an average inside temperature of
530 F.
The actual implementation of any of these measures will be a large
function of economics. Table 5.4 presents cost estimates for the insulation and
south window (buried wall and shared wall costs, if any, are unclear) and energy
savings estimates for the four measures proposed in the "best case" design. All
cost data is included in Appendix A.
Component
rigid foam (R-5)
south window
(27 ft2 )
buried north wall
shared east wall
Estimated Cost Estimated Payback
Estimated Cost
Rs
5,700
1,160
site specific
site specific
Estimated
Savings Rs/yr
1,480
300
525
520
Payback
Years
3.8
3.9
undetermined
undetermined
Table 5.4. Cost Estimate and Simple Payback for Energy
Analysis for energy savings measures for typical homes (in
in Karimaba4 Pakistan.
Savings Measures.
this case home owner B's)
The results of this analysis indicate a favorable payback of 3.9 years for the
south facing window and 3.8 years for the rigid foam insulation. Estimating the
costs of the buried north wall and shared east wall is difficult without detailed
knowledge of the site and the design. It is reasonable to assume that in some
cases one or both of these measures would not add an appreciable amount to the
construction cost of a new residence, and therefore the payback would be
negligible.
Schools
One classroom of the Altit school, classroom number 4 (see Figure 2.3),
was input to the steady state model and analyzed. A list of the inputs used in
included as Table 5.4.
Input Value
Structure Area 17 ft x 30 ft
Orientation Long axis: east-west
Initial wall R-value Concrete block R-1.5
Initial roof R-value Concrete block R-1.5
Initial window/skylight R-value R-1.0
Door R-value R-1.5
Window size by orientation North 36 ft2
South 36 ft2
Door size by orientation West 21 ft2
Skylight size 33 ft2
Cloud cover 60 %
Occupancy 15
Percent of time occupied 25 %
Stove efficiency 50 %
Average measured Tin 370F
Table 5.5: Steady State Model Inputs for the Self Help School in Altit. Model inputs
for calculation of heat loss by one classroom of Self Help School, Altit, Pakistan.
See Figure 2.3 for plan of school.
Figure 5.10 presents the "base case" calculated heat loss for the Altit
school. The estimated annual heat loss is 5.38 MBtu. This value is relatively low
due to the measured average indoor temperature of about 38' F. This indoor
temperature represents an average increase over the outside temperature during
the recording period of a little more than 2* F. As is shown in the figure the heat
loss from the walls and roof is larger than the total, this is because the heat gain
through the skylight (assumed clear glass) and the south windows (north windows
result in a net heat loss) makes up about 35 percent of the heat lost through the
walls and roof.
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Figure 5.10:.
loss by heat
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Base Case Annual Heat Loss from the Self Help School in Altit. Heat
loss component, for classroom #4 of the Self Help School in Altit,
As in the homes, the retrofit strategy for schools calls for greater wall, and
in this case, roof insulation. Figure 5.11 shows the results of adding an R-5 level
of wall and roof insulation to this classroom. These measures result in a decrease
of heat loss by 82 percent over the base case. This heat loss reduction is
relatively large, in comparison to the homes examined, because both the walls
and roof were at the initial low resistance value of R-1.5. The base case analysis
estimates that this classroom would need to burn about 1000 lbs of wood per year
to maintain an average indoor temperature of 380 F. When R-5 insulation is
added to the walls and roof the classroom would maintain an average indoor
temperature of about 45 -F if 1000 lbs of wood were burned. It should be kept in
mind that the steady state model calculates average indoor temperatures over a 24
hour period. With proper design regarding building thermal mass this average
could be a result of peak temperatures occurring during the occupied hours and
the low temperatures during the unoccupied hours.
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Figure 5.11: Heat Loss from Altit School with R-5 Insulation. Heat loss, by heat
loss component, for classroom #4 of the Self Help School in Altit with R-5 of
insulation added to the walls and roof. Note the heat loss reduction of about 82
percent over the base case
Because of the large south facing windows (36 ft2 ) already in place, adding
more south facing glass was not considered. It should be noted that the large
north facing windows (also 36 ft2 ) while providing light, result in a net energy
loss. Buried walls were not considered because of building lot constraints (schools
are usually built on flat lots). Shared walls designs, as used in classroom pairs 2-3,
1-7, and 5-6 (see Figure 2.3), reduce the thermal boundary area per classroom and
should be used wherever possible.
A payback analysis was completed for adding R-5 rigid foam insulation to
the walls and the roof of this classroom. The results show a relatively long
payback of about 8.6 years. This payback is so long because low average indoor
temperature used in the calculation (380 F). If the average indoor temperature
was 450 F, the base case design heat loss would be about 12.41 MBtu/year but the
savings in installing R-5 insulation would result in a payback of just over 3.1 years.
Optimal Wood Use
Wood has long been both a source of fuel for heating and cooking as well
as a building material in Karimabad. One researched concept is to use wood,
either in plank form or sawdust form, for its insulating properties. The premise is
as follows: can some portion of a wood supply be used as insulation with the
ultimate goal of reducing the overall wood use over time? An inherent
assumption in this premise is that wood which is not burned can be used for
insulation and vice versa. This may not always be the case, for example if
firewood is low quality scraps or small branches (as it is rumored to be), it would
be difficult to make wood into planking. However, given the right equipment it is
assumed that any wood, scrap or not, could be made into sawdust and then used
as insulation. Accepting this assumption, the following analysis was undertaken.
To calculate the optimal use of wood (amount burned and amount used as
insulation) the following expression was used:
Total amount of wood used over period =
Wood use for no-insulation case +
Wood saved as a result of insulation -
Wood used for insulation
In equation form this expression is:
Total wooduse = (Aw*DD*24 ) - (Aw*DD*24)
(Rw*HH) [ Rw+(Ri *x) ]
Where:
A, = wall area ft2
R, = resistance value of non-insulated wall, h-ft2 'F/Btu
R = resistance value (per inch) of sawdust,
h-ft2 'F/Btu, estimated at R-2.5/inch
HHV = higher heating value of wood, Btu/lb, estimated at 8000 Btu/lb
p = density of sawdust, lbs/ft2 , estimated at 7 lbs/ft2
DD = heating degree days per year (50* F base),
estimated at 1850 for Karimabad
x = thickness of insulation, inches
This equation was used to estimate the total amount of wood (used as fuel
and insulation) per square foot of wall area that a typical home may use to
maintain an average indoor temperature of 50*F. This analysis examines only the
heat loss through the walls by conduction. Figure 5.10. presents the results of this
analysis. The three curves in the figure show wood use as a function of insulation
thickness for three different analysis periods; 1 year, 10 years, and 20 years. Each
curve has a low or minimum point which, for that analysis period, indicates the
optimal combination of wood used as insulation (read off the "X" axis) and the
total wood used (read off the "Y" axis). For example looking at the bottom curve,
(1 year period) the minimum occurs at about 1 inch of insulation. This says that
over a 1 year analysis period the minimum amount of wood used to meet the
criteria (inside temperature 500 F) is about 2.2 lbs/ft2 of wall area. This
minimum value is lower than the no-insulation value of 2.8 lbs/ft2 of wall area.
Of course a 1 year analysis period is not practical because insulations will last
much longer and therefore the energy savings will be much more pronounced.
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Figure 5.12: Optimal Wood Use. Optimal wood use (burning for heat and as
sawdust for insulation) for three analysis periods 1 year, 10 years, and 20 years.
Wood use is given in lbs/ft2 of structure wall area over the period. Insulation is given
in inches of sawdust (R-25/inch). Optimal point is the minimum on the curve.
In the case of the 10 year analysis period the minimum occurs at the value
of about 4 inches of sawdust (R-10), at the total wood use value of 8.6 lbs/ft2 of
wall area over the 10 year period. This is down from an estimated 28 lbs/ft2 of
wall area for the no-insulation case. Finally, in the 20 year analysis the minimum
occurs at 6 inches (R-15) at the total wood use level of 12.5 lbs/ft2 of floor area,
this is down from an estimated 55 lbs/ft2 for the no-insulation case.
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CHAPTER VI. THERMAL CONDUCTIVITY TESTING
An important strategy for maintaining thermal comfort is the use of
thermal insulations in walls and roofs. As previously discussed, the ongoing
architectural transition from traditional to modem construction is, on average,
reducing the wall thermal resistance value by about 42 percent, and the roof by an
estimated 54 percent. These reductions translate into an estimated 30 percent
increase in wood use to maintain the same level of comfort (see chapter V for
calculations). A goal of this study is to identify available insulating materials,
examine possible methods fastening to traditional and modern wall types, and
measure the thermal resistance value of the proposed system.
Thermal Conductivity Tester
The accurate measurement of thermal conductivity can be difficult, often
requiring expensive and specialized equipment. A properly designed conductivity
tester will minimize unmetered heat loss and be capable of accurate heat and
temperature measurement leading to accurate evaluation of thermal conductivity.
With these constraints in mind, this study researched a number of different
techniques to calculate thermal conductivity. All of the techniques researched
calculate thermal conductivity by approximating one-dimensional conduction. The
methods researched include the following: guarded hot plate (ASTM C 177-76),
guarded hot boxes (ASTM C 236-80, C 976-83), heat flow meters (ASTM C 518-
76), radial heat flow (ASTM C 335-79), and the method of unguarded flat screen
heaters (no ASTM standard yet). After examining the benefits and drawbacks to
each, the unguarded screen heater was chosen as the technique to be most
economical and easiest to build while still potentially having very accurate results.
The concept of the unguarded flat screen heater ("unguarded" implies that
the temperature in the area around the screen perimeter is not controlled or
conditioned) is that a flat piece of screen can be placed between two insulation
samples and heated. Then, due to the screen geometry (flat) and its material
properties (low resistance), the majority of the heat is transferred in the plane
perpendicular to the screen surface. This heat is conducted through the samples
and then to quarter inch thick aluminum plates located on either side of the
samples. The heat transfer creates a temperature difference across the samples
and this difference is measured and used in calculating the "apparent" thermal
conductivity of the samples. The term "apparent" thermal conductivity is the
standard terminology used for calculating conductivity values with systems which
approximate one-dimensional heat transfer. The reason these calculated values
are not "true" conductivities is that in addition to conduction there are varying
degrees (depending on the system and samples) of convective and radiative heat
transfer taking place. True thermal conductivity, as calculated by Fourier's law, is
valid only when the sample is homogenous, opaque to infrared radiation, and is
large in size with respect to any characteristic dimension associated with the
method of heat transfer [Moore]. In much of the literature, measurements of
"apparent" thermal conductivity are so common that the "apparent" is dropped;
this study will keep with this convention.
Equipment Description:
The flat screen conductivity tester built for this study is mounted on a
frame having four threaded corner posts (see Figure 6.1 for apparatus diagram).
These posts hold the aluminum plates, samples, and screen in the proper
horizontal position. The bottom most component is the lower aluminum plate.
This plate is made of quarter-inch thick aluminum and is 18 inches by 30 inches.
Aluminum is used because of its relatively high thermal conductivity so it tends to
maintain a constant temperature across the cold side of the samples.
The next component is the bottom sample. For accurate results using this
tester, both samples should be homogeneous and as identical as possible.
Variation in size, density, moisture content, and thickness will cause inaccuracies.
Top cooling plate
Top sample
Screen heater
Bottom sample
Bottom cooling plate
Test stand
Figure 6.1: Flat Screen Thermal Conductivity Tester. When in use, the cooling plates
are tight against the samples sandwiching the screen heater in between.
In designing this tester the screen size was a critical design parameter. At
issue was the how well this technique approaches one-dimensional conduction as a
function of sample size and thickness (the desire was to manufacture and test
samples as small as possible). Clearly, a sample whose thickness approaches one
of the area dimensions is more prone to two-dimensional conduction than is a
sample whose thickness is a fraction of that dimension. In fact, research on this
technique indicates that sample thickness should not exceed one tenth of the least
dimension [Hager]. This guideline was used in this design which allows for a
sample thickness of up to 1.5 inches.
Figure 6.2 is a scale drawing of the screen heater assembly. The screen is 15
inches by 26 inches and is made from nichrome wire 0.010 inches in diameter.
The screen mesh is a 40-by-40 inch mesh (40 wires per inch of screen) with a
screen thickness of 0.025 inches. Nichrome screen is used because it has relatively
low thermal conductivity and therefore minimizes undesirable horizontal heat flow
[McElroy]. Attached to the two screen ends are 1/8 " x 1/4" x 15 " copper bus-
bars which are bolted together clamping the screen one side and the power leads
on the other. These copper busses serve to distribute power evenly across the
whole screen. Above the screen is the top sample followed by the top aluminum
plate. When in operation, the edges of the entire assembly are insulated with
fiberglass batt-type insulation to reduce any potential for lateral heat loss.
Frame Screen
Copper bus
AC power
Figure 6.2: Flat Screen Heater Assembly.
screen thermal conductivity tester.
Flat screen heater assembly use in flat
Alternating current (AC) power is provided to the screen from a Variac
(varies output voltage from 0 to 100 percent of input voltage) and a 0 - 3.2 volt
step-down transformer. Because of its low resistance, the screen draws high
current, low voltage power. Due to wire sizing and safety concerns, the present
configuration is rated for 15 amps.
Temperature measurements are made with 27 chromega-constantan
thermocouples. These are positioned in a "cross" pattern on the cold-side of each
sample and on the screen at two inch increments. The power drawn by the screen
is calculated using voltage taps on either end of the screen and an ammeter on
one of the power wires to the copper bus.
Calculation and Calibration
For steady state one-dimensional heat conduction, Fourier's law states:
q = -kA ( )
This says the rate of heat transfer (q) in the x-direction is directly
proportional to the temperature gradient (dT/dx) and the cross sectional area (A)
normal to the flow. The proportionality constant (k) is the thermal conductivity, a
material property. In steady-state the equation can be approximated by:
F ( T 2 _T )]
q = -kA[ (X 2 -X1 )
Where:
q = power applied to the screen (voltage times current) in watts converted
to Btu/h
k = thermal conductivity, Btu/h-ft *F
A = sample area, ft2
(T2-T1) = temperature difference across samples, 'F
(x 2-x1) = sample thickness, ft
In both cases the minus sign indicates that the heat transfer takes place in
the direction of decreasing temperature. This equation forms the basis for
calculating thermal conductivity with the flat screen heater technique.
In calculating the conductivity of the samples, two-sided heat flow is
assumed. Two side heat flow assumes that one half of the heat from the screen
flows through each sample. Solving for "k" of one of the two samples in the above
equation results in the following formula:
k = IV[ (x2 -x 1 )2A(T 2 -T 1 )
The resulting units are Btu/(h-ft *F). For comparison purposes the inverse of the
conductivity will be taken and reported in the units of thermal resistance or R-
value (h-ft2 "F/Btu) per inch of sample thickness.
Calibration of this tester started by examining the screen heater and
attempting to verify uniform temperature distribution and edge loss. To this end,
two identical one inch thick rigid foam insulation panels were used (these have a
nominal R-vale of R-5 per inch). The screen was instrumented with 19
thermocouples arranged in a cross pattern at two inch intervals. The first test was
done without the edge insulation, the second with edge insulation (batt-type
fiberglass placed around the screen and sample edges). In each case the
conductivity tester was turned on and allowed to reach steady state (about 4 hours
for R-5 samples). The results of these studies are shown in Figures 6.3 and 6.4.
These figures plot the screen temperatures as a function of position from the
center of the screen; each point is at some increment of two inches from the
screen center along orthogonal axes (north and south - short axis , east and west -
long axis). The furthest-most points on the perimeter are one inch from the edge
of the screen.
Figure 6.3 plots the temperatures for the no-insulation case. As expected,
the greatest temperature difference from the center to any one point occurs along
the perimeter of the screen where the potential for heat loss is at a maximum.
The largest temperature difference, about 9'F, occurs along the east-west axis,
furthest from the center. Moving in two inches along all axes reduces the
temperature difference significantly to less than 20F.
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Figure 63: Flat Screen Heater Temperatures with No Edge Insulation. Flat screen
heater temperatures as a function of position in two-inch increments from center,
along orthogonal axes. No edge insulation.
Figure 6.4 plots the same information only in this case the edges were
insulated. Here, the temperature difference from the center to the furthest-most
points on the east-west axes is reduced to between 5' F and 6 *F. The reasons for
these temperature differences may lie in the screen and/or samples not being
perfectly flat and therefore allowing a path for heat to escape. As in the no-
insulation case, by moving in two inches on all four axes, the temperature
difference reduces to within 2- F of the center reading. A temperature difference
of 2 'F is within the quoted accuracy of the thermocouples and the reader.
This exercise shows that greater accuracy of measurement is tied to both
edge insulation and making measurements of power and temperature in the
center portion (actually all but a two-three inch perimeter) of the screen, here on
referred to as the "metered" area.
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Figure 6.4: Flat Screen Heater Temperatures With Edge Insulation. Flat screen
heater temperatures as a function of position in two-inch increments from center,
along orthogonal axes. With edge insulation.
Validation
The validation of this tester was done using two calibrated rigid foam
insulation panels. These panels were manufactured, tested, and shipped very
graciously by U.C. Industries of Tallmadge Ohio. These samples were tested
using an industry standard conductivity tester having a NIST (National Institute of
Standards and Testing) calibration accuracy of two percent of reading. The
measured conductivity of this insulation was 0.192 Btu-in/h-ft2 'F, plus or minus 2
percent. The measurement parameters call out a temperature difference across
the samples of 500 F and an average temperature of 750 F. This conductivity
converted to an R-value gives R-5.21 per inch. These samples were then tested in
the flat screen tester where the calculated values were R-5.59 for the top panel,
and 5.49 for the bottom panel. Due to equipment constraints, the measurement
parameters of the flat screen tester were slightly different than the industry tester.
The flat screen tester had a temperature difference across the samples of 20"F
and an average temperature of about 850 F. The temperatures used are averages
of the nine thermocouples instrumented on each of the three sections (cold side
of lower sample, screen, cold side of top sample). The tester calculated values
are within 7.3 percent and 5.4 percent of the calibrated value for the top and
bottom samples respectively.
For a check of tester function these two samples were removed and
switched; the bottom sample was now the top and vice versa. This resulted in
very similar readings with the top sample having a slightly higher calculated R-
value. Differences in calculated R-values between the top and bottom samples
(assuming their actual values do not differ) may be traced to differences in
convective and radiative heat transfer on the air-side of the aluminum plates to
the surrounding environment. One means of reducing the convective and
radiative heat transfer from the plates is to equip the plates with a cooling water
system. A cooling system would allow the plate temperature to be controlled and
therefore not be a direct function of ambient air temperature. Because this effect
was found to be relatively minor, about 2 percent between the top and bottom
calculations, the additional complexity of a cooling water circuit was not
considered.
Error Analysis
There are two kinds of errors associated with this testing apparatus;
determinant and indeterminant [McElroy]. The determinant errors are a function
the inaccuracies in reading the values used to calculate the thermal conductivity.
The indeterminant errors are a function of how well this apparatus approaches
one dimensional heat transfer and the extent of edge heat loss.
Table 6.1 presents the fractional uncertainties for each of the measured
values. The total determinant uncertainty include the following components:
1. Dimensional measurement uncertainty in measuring the sample area
and thickness.
2. Temperature measurement uncertainty due to inaccuracy of the
thermocouples and the thermocouple reader.
3. Power measurement uncertainty due to inaccuracy of the digital
voltmeter (voltage measurement), and analog ammeter (current
measurement).
Measurement Value Error Error
Percent
Sample Area:
length (in) 26.0 0.03 0.11
width (in) 15.0 0.03 0.20
Sample Thickness (in): 1.0 0.03 3.0
Temperature:
thermocouples ( F) 76.0 0.9 1.2
reader (OF) 76.0 1.8 2.3
Voltage (volts): 0.405 0.002 0.5
Current (amps): 14.4 0.05 0.3
Total
Uncertainty 7.6%
Table 61: Fractional Uncertainties for Flat Screen Thermal Conductivity Tester.
Values shown are from validation test using rigid foam insulation.
The dominant terms in the error calculation are the sample thickness
measurement (3.0%) and the sum of the two temperature measurements errors
(total 3.5%). Reducing the uncertainty in the thickness measurement could be
accomplished by using a precision micrometer, however it is doubtful that the
samples which will be made for testing will have a uniform thickness to a 0.03
inch accuracy. Reducing the temperature uncertainty could be accomplished by
using a precision microvolt multimeter and calibrated thermocouples. It is
possible (though expensive) to reduce this temperature uncertainty to about 1.0
percent of the reading [McElroy].
The indeterminant errors associated with this apparatus include the
following: variation in one dimensional conduction, the effects of convection and
radiation, edge heat loss, and any non-uniformities in the screen and the samples.
Actually quantifying each of these indeterminant errors is very difficult. However,
one method of estimating the total contribution of indeterminant error is to test
the system with a material of known and accurate thermal conductivity [McElroy].
As previously discussed, this was done and the system was found to be within 7.3
percent of the calibrated value.
One Sided Heat Flow
In the interest of materials savings and in attempts to reduce the effects of
inhomogeneities within any two-sample set, a one sided testing procedure was
developed. This procedure uses the same basic equation as the two sided heat
flow, but in this case the bottom sample is a material of known (within the testing
accuracy) thermal conductivity. The one sided procedure uses the known thermal
conductivity of the bottom sample (UC Industries rigid foam R-5.2, +/- 2%)
along with the power and temperature readings to calculate to calculate the
thermal conductivity of the top (test) sample. While this method does save
materials, time, and reduce the effects of inhomogeneities, it does suffer from
greater inaccuracy. In calculating the thermal conductivity of the test sample, the
one sided procedure needs to account for both the inaccuracy of the sample
measurement and the inaccuracy of the material of known thermal conductivity.
In all one sided tests conducted the bottom sample is the UC Industries rigid
foam insulation with a thermal resistance of 5.2 within an accuracy of 2 percent.
This 2 percent inaccuracy must be added to the inaccuracy of the measurements
done by the one sided procedure.
To check the validity of the one sided procedure two different tests were
done. The first test was done using a double thickness of the rigid foam
insulation on the top as the test sample (expected R-value: 2 x 5.2 = 10.4) and
the single thickness of rigid foam on the bottom. The tester was turned on and
allowed to reach steady state (about 5 hours) after which time a value of R-10.7
was calculated. The associated error for this test is 8.1 percent (6.1 percent for
the test sample and 2 percent for the know sample). Obviously, the difference
between the calculated value (R-10.7) and the calibrated value (R-10.4) is well
within the estimated maximum error (8.1 percent).
The second test was done by initially using the two sided procedure to
calculate the R-values of two samples of straw panel insulation. Then, the R-
values of these same samples were calculated using the one sided procedure. The
results of this test are shown in Table 6.2.
Sample R-values R-values
Two sided test One sided test
Sample 1 3.07 +/- 6.6% 3.01 +/- 8.6%
Sample 2 3.02 +/- 6.6% 2.92 +/- 8.6 %
Table 6.2: Thermal Resistance Value Calculations as done by Two Different Testing
Procedures.
Due to its overall ease of use and relative accuracy, this one sided test was
used for all remaining tests.
CHAPTER VII. INSULATION SELECTION AND PROPOSAL
Materials Selection
A variety of materials, both indigenous and necessarily imported, were
considered as candidates for insulation in Karimabad. A list of these materials is
included in Table 7.1.
Table 7.1: Insulating Materials Considered for Use.
A list of criteria were developed and used for material evaluation. These
criteria are listed in Table 7.2.
Wood plank
Rigid foam
Sawdust
Sawdust with binder
Straw
Straw with binder
Wool
Expended aggregate
Waste paper/cardboard
Waste plastic (water bottles)
Crop residue
Fiberglass
Criteria
Material
Availability
Material Cost
.Material Qualities
Fastenability
Local amounts
Imported amounts
Competition for use
Affordability to residents
Keep money in region-
(local materials)
Money flow out of region-
(imported materials)
Insulation value
Need for additional components-
(binders/glues etc.)
Resistance to degradation-
(moisture/rot/insects)
Resistance to fire
Maintenance needs
Ease of interface with buildings-
(traditional and modern)
Durability
Cultural acceptance
Surface finish
Table 7.2: Insulation Material Selection Criteria
These criteria were used by this study, in a subjective way, to identify
materials to test and develop a fastening system. Clearly, this topic warrants
further study whereby the local population should be surveyed to first understand
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what additional criteria should be used, and second to understand which criteria
should receive more "weight" than others. The materials selected for further
evaluation by this study include rigid foam, sawdust, and straw.
Rigid foam was chosen for its material quality. It has a high R-value per
unit thickness (nominally R-5 per inch), is resistance to degradation, and has
rigidity. Certain drawbacks to rigid foam include that it is necessarily imported
(probably from Karachi) and is expensive (estimated at 8.5 Rs/ft2 for 1 inch
thickness - see Appendix A).
Sawdust was chosen for its insulating potential (pre-test estimates were R-2
to R-3 per inch), its local availability, and its cost (0.75 Rs/kg). Potential
drawbacks to sawdust include the large qualities necessary to insulate an entire
home, resistance to degradation, and fastenability.
Straw was chosen for its insulating potential (pre-test estimates were R-2 to
R-3 per inch), its local availability, and its cost (4 Rs/kg). While both straw and
sawdust do have competing uses (sawdust is burned for heat and straw is
reportedly used as animal feed), straw has the added benefit in that its supply can
be replenished seasonally (the source of straw in Karimabad is from grown
wheat). Further, straw has traditionally been used in the "rendering" coat on walls
(though in small quantities) for years and therefore may be more culturally
accepted. What perhaps is less obvious about straw is that it has very little
nutritional value and therefore it is usually not attractive to animals or insects.
Straw will however make an attractive nesting spot and therefore should be well
enclosed within or on the wall [Wilson].
As with many organic materials used as insulations (straw and sawdust
included) there are concerns of degradation due to moisture and the potential for
fire hazard. Moisture in an issue for most insulations (non organic included) not
only because of potential for degradation, but also because of reduced
effectiveness. Wet insulation conducts heat very well, therefore regardless of the
material selected it must be kept dry. From a fire safety perspective special
consideration should be given to flammable organic materials. Both sawdust and
straw have high combustion potential particularly in low density configurations,
therefore if used, precautions should be taken to either treat the material with fire
retardant or entirely enclose the material in a wall.
Fastening Proposal
An important aspect of any insulation is its application to existing and new
structures. At issue in Karimabad is how to contain or fasten the material within
or onto the wall. A number of systems were proposed ranging from a double wall,
where the insulating material would be placed in the middle cavity, to the use of a
frame system attached to the inner wall. Both of these, as well as others
proposed, were not desirable because of the need for extra materials (second wall
or wood frame) in addition to the insulation itself. Further, in the case of straw
or sawdust, there is concern that when they were placed in the cavity or frame
they would settle over time and thus decrease the effective R-value of the wall.
All of these issues lead to the concept of making panelized insulation for the
straw and sawdust (rigid foam is already panelized). These panels could be
attached to the wall with fasteners (nails, screws, clips) or wire and then a surface
coat, similar to the traditional rendering, applied. This concept has the benefit of
reducing the amount of additional materials necessary as well as keeping the
insulation contained and from settling.
Preliminary work on binding straw and sawdust included attempts to use
mud and plaster as binding materials. Both of these binding materials proved to
be difficult to work with and had a high potential for thermal bridging (higher
density material paths allowing for increased heat transfer). These efforts lead to
examining the use of glue as a binder. Glue (in this case ordinary wood glue) has
the benefits of general availability, relative ease of use, and strength. As with any
binder used in insulation, a goal should be to minimize its use both because of its
cost and potential for thermal conductivity. In light of this, a number of different
ratios of glue to water were tested with both straw and sawdust. The goal was to
minimize the ratio (glue to water) and the total amount used while still allowing
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for some structural integrity. To prevent settling in the wall, the panels should be
strong enough to hold their own weight when upright or cantilevered by one end.
Table 7.3 presents the results of this test. The ratios given in this table are
ounces glue to ounces water evenly distributed over test panels 7"x 14"x 1.5" in
size.
Material Ratio Ratio Ratio Ratio Ratio
4:2 3:3 2:2 1:3 1:2
Straw No Yes No No No
Sawdust No Yes No No No
Table 7.3 Results of Strength Test of Straw and Sawdust Test Panels. Panels (7'T
14'k 1.5") using different ratios of glue to water (ounces glue : ounces water). A 'Yes"
indicates the test panel can hold its own weight upright and cantilevered.
These tests indicate that a ratio of 3 ounces glue to 3 ounces water spread
evenly over the sample gives the desired strength.
All samples were made in a wooden form of dimension equal to the
desired sample size. The form has wire screening on the bottom to allow for any
excess glue to drop through rather than collecting and hardening on the bottom of
the sample. The mixture of glue and water was applied with a spray bottle and
done in layers so that the glue would be uniformly distributed through the sample
thickness.
The actual fastening concept involves using either screws or clips to hold
the panels to the wall. These screws or clips could be incorporated into the wall
during construction or drilled into existing construction. In preliminary testing
done for this study, straw panels (14"x 12"x 1") were fabricated and then fastened
to wall made of concrete cinder block. These were held in place using screws and
thin slats of wood (1/8"x 1/2"x height of wall) on 12 inch centers holding the
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straw panels to the wall . These slats held the panels to the wall closely and
allowed for tight placement of the panels, one next to another. It is crucial to
make sure the panels have straight edges so they fit together well and minimizing
any gaps in the insulation. Thermal bridging in this system occurs only through
the screws holding the panels in place and therefore should be a minor effect.
For a finish coat consistent with traditional designs, a layer of concrete was
applied over the straw panels and wood slats. This was done in two coats; first a
relatively thin coat (1/8") was applied and then a heavier second coat was applied.
Overall this system appears to be feasible from a materials and functionability
standpoint. Further work should be directed at addressing the durability and the
life of such a system.
Thermal Resistance
In the case of rigid foam the thermal resistance value is well defined and
accepted. For this study the nominal value of R-5 per inch will be used. For the
sawdust and straw samples the resistance values were measured using the flat
screen thermal conductivity tester. In both cases the binder used was ordinary
wood glue in the ratio of 1 part glue to 1 part water. The samples prepared were
15"x 26" in area and less than 1.5" thick. Care was taken to assure all samples
were produced from the same material stock to prevent moisture variance, and
using the same amount of binder mix per sample (6 oz. glue, 6 oz. water). The
same drying procedure was followed on all samples (fan assisted for 24 hours).
The straw samples, three in all, were made from different lengths of straw;
one was made from uncut lengths, another from 2 to 3 inch lengths, and the third
from 1 inch (or less) straw lengths. Structurally, the samples made from the
smaller lengths are much more durable due to better straw coverage.
Furthermore, it is expected that the samples made from smaller straw pieces will
perform better thermally because of better coverage and fewer air gaps.
Due to the relative homogeneity of sawdust only one sawdust sample was
made. This sample was found to be rather fragile, much more so than the smaller
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fragility issue, particularly for larger panels.
Table 7.4 presents the results from the tests of sawdust and straw. All data
recorded for thermal conductivity tests (including calibration tests) are included in
Appendix E.
Table 7.4: Thermal Resistance Values of Straw and
Sawdust Panels. Results of Panels (with binder) as measured
in flat screen thermal conductivity tester.
The results of the testing shown in Figure 7.4 indicate that, although rather
fragile, the sawdust sample has a fairly high R-value per inch. This is mostly due
to its low density and ability to trap small pockets of air. The results from the
straw samples indicate a direct relationship between density and R-value; this is
peculiar because usually the opposite is true. However, in this case the higher
density is also related to fewer open air conduction paths and therefore a higher
R-value.
Comparing these test results with other published values shows a fairly
103
Material Density R-valve/ Error
lb/fta inch percent
Sawdust 2.93 2.89 9.7
Straw:
< 1 inch 2.37 3.15 9.1
2-3 inch 2.35 2.92 8.7
Uncut 1.94 2.50 8.6
good correlation. In the case of sawdust (presumably these values are for pure
material which does not have binder) three published values are R-2.44/inch at a
density of 12-1b/ft3 , R-1.75/inch at a density of 3.6 lb/ft3 [Strother], and R-
2.78/inch also at a density of 12 lb/ft3 [Perry]. All three of these published
values are lower than the tested value for sawdust and glue. This in part may be
due to the higher densities of the published values.
Documented thermal conductivity values for straw are a little more difficult
to find. The only verifiable conductivity value was a result of research associated
with the straw bale building industry here in the United States. This value was
measured using a thermal probe method and conducted on an actual bale of
straw. The reported average conductivity was 0.374 Btu-in/h-ft2 F, giving an R-
value of 2.67/inch [Acton]. The estimated density of the bale was 5.44 lb/ft2 .
This density is more than twice the density of the straw samples studied here and
may in part be reason for the lower resistance value. No accuracy values were
given on any of these published values.
Cost Estimates
To estimate and compare the cost of the three insulation proposals
considered, a common unit of thermal resistance had to be decided on. Because
the rigid foam is available only in 1 inch thicknesses, R-5 became the common
thermal resistance value to use. To simplify the comparison, all costs will be
given on a per square foot basis in the units of Rs./ft2 R-5. For rigid foam
insulation the cost is 8.5 Rs./ft2 R-5 (see Appendix A. for cost data).
In the case of straw and sawdust insulations the cost estimate proved to be
a little more difficult to derive. Cost data available are for the materials only
(straw at 4 Rs./kg, and sawdust at 0.75 Rs./kg) and not for the binder (glue), nor
the labor required to manufacture the panels. Using the material cost of straw as
a basis, the straw cost estimate is 0.68 Rs./ft2 R-5, more than an order of
magnitude less than the rigid foam. The amount of glue necessary to fabricate
panels similar to those made in this study is 2.82 ounces/ft2 R-5.
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In the case of sawdust, using the material cost as a basis, the panel cost
estimate is 0.39 Rs./ft2 R-5. Added to this should be the cost to purchase 4.28
ounces/ft2 R-5 of glue.
If, in the vein of many Aga Khan sponsored programs, these indigenous
insulations were made in a self help type program, the associated overhead and
labor costs could be kept to a minimum and the total cost would be a large
function of the materials cost.
Insulation Material Binder Binder Binder Total
Type Cost Weight Cost Cost Cost
Rs./ft2 R-5 oz./ft2 R-5 Rs./ft2 R-5 Rs./oz. Rs.
Rigid - 3.4 8.5 2.5 8.5
Foam
Sawdust 0.39 4.5 11.25 2.5 11.64
Straw 0.68 2.8 7.0 2.5 7.68
Table 7.5: Estimated Insulation Costs. Estimated costs of insulation given on a per
square foot basis of R-5 thermal insulation. Binder cost for sawdust and glue is
based on currency converted United States bulk glue cost estimate. Note that the
binder costs for rigid foam (the foam is really all binder with small air/gas pockets)
and the estimated glue binder costs are, coincidentally, identical. This indicates the
underlying economic significance of binders in these types of insulations.
Using an assumed cost of glue based on a currency adjusted bulk glue cost
from the United States changes the estimated cost of the two glue based
insulations significantly. Assuming that glue could be purchased for the
equivalent of 10 U.S. dollars per gallon ( a reasonable U.S. bulk glue cost), or
about 2.5 Rs/ounce, means that the additional cost for glue would be 11.25
Rs/ft2 R-5 in the case of the sawdust insulation and 7 Rs/ft2 R-5 in the case of
the straw insulation. The total cost of the sawdust and glue panels (not including
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labor) would increase to 11.64 Rs/ft2 R-5 while the straw with glue panels to 7.68
Rs/ft2 R-5. If this estimated glue cost is accurate the sawdust and glue concept is
probably not worth considering and the straw and glue concept is marginal.
Further, if the cost differential (rigid foam to straw and glue panel) is this small
the consideration of straw and glue is probably not warranted when such a well
defined and proven insulation such as rigid foam is cost competitive. However,
the cost of glue in Karimabad at this point is not clear. It may be the case that a
local material (perhaps apricot abstract or other materials) could be a surrogate
for wood glue. In any case, a clear benefit of locally derived insulation (versus
imported rigid foam) can be realized by keeping the region's money local and
perhaps even starting a small industry.
Using these cost data along with the energy savings versus wall R-value
data (see Figure 5.3) an estimate of optimal thickness of insulation can be made.
The result of this calculation is shown in Figure 7.1 with rigid foam as insulation
and wood for heat. The lowest line in the graph represents the incremental cost
of insulation, the next curve is the cost of heat (wood) as a function of wall R-
value, and the top curve is the combination of the two bottom curves. The
minimal total cost for the analysis period (in this case 20 years was used) is the
lowest point on the top curve. Reading down to the X-axis from the minimum
point indicates the optimal level of insulation. Note that while the absolute
minimum occurs between R-5 and R-6 for the rigid foam insulation, the curve is
very shallow between about R-3 and R-9. This indicates the relative insensitivity
of the cost of energy over the 20 year analysis period for this range of insulation
values. Given this insensitivity and the fact that the price of wood was held fixed
over the 20 year period, one could easily argue for higher insulation values
particularly in light of impending natural resource shortages.
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Figure 7.1: Optimal Rigid Foam Insulation Values. Optimal rigid foam insulation
value as a function of energy (wood) and insulation costs for the modem house B.
Note the "shallow" minimum energy cost (20 year analysis period) occurs at a level of
insulation between R-5 and R-6.
107
CHAPTER VIII. CONCLUSIONS
At the outset there were three stated goals for this study. First, evaluate
traditional construction practices from an energy efficiency standpoint and
contrast these with more modem practices. Second, accepting the trends in
building materials (concrete block), research potential insulating materials and
possible design changes which could aid in resource conservation and increase
thermal comfort in both modern and traditional buildings. Third, present one
possible insulation system (made from indigenous materials) complete with a
fastening and finishing system for use in Karimabad. Additionally, estimate the
economics of this system to calculate a simple payback on investment.
The comparison of a traditional and a modern home in Karimabad
resulted in an estimated 30 percent reduction in annual heat loss for the
traditional design. This reduction is the result of higher wall and roof insulation
values over the modern home and validates reports of modern homes being colder
in the winter months. This is not to say that the traditional resistance values are
adequate, far from it. The analysis also showed the inadequacy of the traditional
thermal resistance and indicated that at least doubling the current estimated value
of R-2.6 is warranted.
From the temperature data recorded for both homes and schools it is
apparent that the overall level of thermal comfort is very low. Most of the homes
and schools had an average indoor temperature of less than 450 F, up from an
average outside temperature of about 350 F. Clearly, energy efficient design
needs to be incorporated into buildings in this region. To this end, four different
energy conservation strategies were examined; increasing wall insulation, increase
southern window area, burying walls, and sharing walls. The first two strategies,
rigid foam insulation and south facing windows, are estimated to have simple
paybacks of 3.8 years and 3.9 years respectively in homes. The school examined
showed a much high insulation payback (8.6 years) but this is because of the low
average temperature maintained in the school (380 F). The shared wall and
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buried wall concepts hold a significant energy savings potential of about 17
percent each over the base case design. Both of these concepts are more
practical for new construction and, depending on design and site location, may not
have an appreciable cost increase.
To test potential insulations for use in Karimabad, a flat screen thermal
conductivity tester was designed and built for this study. This tester was validated
with insulation samples of known thermal conductivity and found to be within 7
percent of the calibrated values.
After examining a variety of potential indigenous insulations, straw and
sawdust were chosen as the most practical candidates. These materials were
fabricated into panels of different size, strength and density, using ordinary wood
glue as a binder. The panels were tested with the results indicating favorable
thermal resistance values. The straw and glue binder samples, made of different
sized pieces of straw, resulted in thermal resistance values of between R-2.5/inch
to R-3.15/inch. The sawdust sample resulted in a calculated R-value of 2.89/inch.
All of these values have an associated error of between 8 and 10 percent. All of
these values compared well with published values for the raw material (straw or
sawdust without glue).
The proposed fastening and finishing system proved to be effective only
for the straw samples. The sawdust sample proved to be too fragile despite
having nearly twice as much glue per unit resistance value. The proposed
fastening system includes using thin wood slats (1/8"x 1/2"x height of the wall),
on 12 inch centers, and screws to hold the slats and straw panels to the wall. A
cement mortar is applied over this assembly in two coats resulting in a hard
outside finish coat which simulates the traditional rendering. This concept was
tested in the laboratory and found to be feasible from a materials and
functionality standpoint. Further work should be directed at addressing the long
term durability of such a system.
Finally, the economic assessment of this particular system for Karimabad
hinges on the cost of glue. Using a currency adjusted glue cost from the United
109
States, the proposed straw and glue panel system would represent only a small
cost savings over the estimated cost of rigid foam insulation and has a simple
payback of 3.5 years (rigid foam has and estimated payback of 3.8 years). Given
that rigid foam is a proven insulating material with well defined properties that
are adaptable to a variety of building systems, its use is desirable even at a small
price premium. If, on the other hand, glue is inexpensive or a local material
could be used in its place, then the option of straw and glue panels is worth
further testing and perhaps trials in Karimabad homes and schools.
It is the hope of this study that energy planning and resource conservation
will be taken seriously, taking into account planning horizons longer than simply
getting through the next winter. For the people of Karimabad, most of whom
have limited capital, the hope is that low interest loans or self-help grants could
be made available for energy conservation with the goals of health, thermal
comfort and resource conservation for this and future generations.
Topics for Further Study
This study has shown the great potential for energy conservation in
buildings in Karimabad Pakistan. Achieving this potential will require concerted
efforts between home owners, building designers, and the providers of financing.
Technically, further efforts should be directed at retrofit insulation systems for the
existing (traditional and modern) homes and schools. The proposed straw and
glue panel system was proven in the laboratory to be effective as an insulation
and potentially feasible for both new and retrofit construction. Understanding the
economics of glue or other binders for this system is critical to its success.
Further efforts should be directed at examining other materials which could be
used as a surrogate for glue; perhaps apricot abstract or an animal derived glue.
A different method of binding straw which should be looked into involves the use
of heat and pressure. Apparently when straw is heated it releases a material
which, when put under pressure, serves to bind the straw together. One could
envision a form to hold the straw with manual clamps for applying pressure and
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direct (or focussed) solar energy could provide the heat. This procedure may hold
great potential particularly if the final insulation cost was on the order of the
straw cost, 0.68 Rs./ft2 R-5.
Another area for further study is research to improve the efficiency and the
quality of the current wood stoves; an efficient air tight design is in order. The
topic of indoor air quality in homes and schools needs to be addressed and, in
particular, coupling the finding with energy efficiency retrofits and design.
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APPENDIX A. BUILDING MATERIAL AND ENERGY COSTS
The choice of building materials for Karimabad dwellings is increasingly
being made on the basis of first-cost. The use of low first-cost materials is
expanding along with their availability. These newer materials are significantly
changing the architectural, structural, and energy-use patterns of traditional
Karimabad dwellings. Included below is a summation of building material costs,
grouped by material use, in the following categories: Structural/reinforcement
materials, wall materials, roof materials, windows, and insulation. All costs are
given in Pakistani Rupees (Rs) with a current exchange of about 33 Rupees per
U.S. Dollar.
Many of these cost estimates were obtained during our visit to the Hunza
Valley or through conversations with those who frequently travel this in this area.
Published cost estimate data have the reference in brackets and the full reference
is cited in the reference section.
Structural/Reinforcement Materials:
Traditional construction has relied on large wooden timbers and beams to
provide reinforcement to the walls and roof systems. As homes are renovated and
replaced these beams typically are reused. Increasingly, as wood becomes more
scarce, these beams are becoming difficult to obtain and are prohibitively costly.
New timbers and beams are usually acquired by cutting trees (mostly poplar) from
family farm land. Wood purchased outside the region can be prohibitively
expensive due to the added transportation expense.
Steel reinforcement bar (rebar) is now available in Karimabad. Currently
it is used mostly in well-funded schools and hotels and is considered the
reinforcement technique of choice, excluding its cost.
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Material Cost (Rs) Location Source
wood beam 400 - 500 Karimabad Lumber Mill
(6"xlO"x7") Karimabad
wood bulk 165 Karimabad Lumber Mill
cost 150 Gilgit Karimabad
(Rs/ft3 )
wood rafter 450 Gilgit Essa Khan
(3"x5"x14") Karimabad
mild steel 20,000 Gilgit Essa Khan
rebar Karimabad
(1000 kg)
Table A.1 Structural Reinforcement Material Costs
Wall Material:
In existing buildings, stone is the predominant wall construction material.
However, stone construction is rapidly being replaced with concrete block as first-
cost economics, and to some degree, status play an increasing role. Construction
using stone requires the home owner to acquire the stone (if not available on the
site), reduce or dress the stone, and then construct. While the material cost of
the stone itself is negligible or zero, the labor cost involved with transportation
and dressing can be large. Concrete block has the benefit that it can be made
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right on site. A reduced labor component, availability, and relative ease of
construction is making concrete block a more attractive material.
Material Cost (Rs) Location Source
cement 180 (China) Gilgit Essa Khan
(50 kg bag) 230 (Pak.) Gilgit Essa Khan
220 (China) Karimabad Suheil Khan
300 (Pak.) Karimabad Suheil Khan
concrete block 7 Karimabad [Ali]
(6"x8"x12") 5 Karimabad [Pirani]
stone: 28 ft3 450 Karimabad Essa Khan
(tractor load)
stone masonry 15 - 25 Karimabad [Ali]
unit
(comparable in
volume to
block above)
Table A.2 Wall Material Costs
It is important to note in Table 3.2 that the first-cost of a stone masonry
unit of equivalent surface area (thicknesses differ: block is 8 inches while stone
masonry unit is 12 to 15 inches) is two to three times that of the concrete block.
A great deal of this increased cost, up to 85% by one estimate [Pirani], can be
traced to the labor cost involved with dressing the stone.
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Roof Materials:
Traditional roof construction includes timber beams spanned by planks, a
layer of birch bark called halli, 15 to 20 inches of twigs and branches, earth and a
waterproofing slurry [Ali]. Newer construction makes use of timber beams and
planks, polyethylene sheet and earth. Other materials such as galvanized metal
sheet and concrete are also becoming available as roofing materials.
Material Cost (Rs) Location Source
wood plank: 50 Karimabad Lumber Mill
(3/4"x6"x8' - Karimabad
poplar)
(1"x6"x8' - 80 Karimabad Lumber Mill
poplar) Karimabad
plywood 350 Gilgit Essa Khan
(4'x8'xl/4")
galvanized 300 Gilgit Essa Khan
sheet
(33"x8')
corrugated 450 Gilgit Essa Khan
(33"x8')
birch bark 0.3 Karimabad [Pirani]
(per ft2 )
earth: 28 ft3  100 - 150 Karimabad Essa Khan
(tractor load)
Table A.3 Roof Material Costs
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Windows:
The use of windows in Karimabad has dramatically increased. What once
were small openings for light and minimal heat loss have become large areas
indicating status or level of wealth to the community. Unfortunately, window
design (single pane) and placement have led to less than optimal glass use. For
example, this study shows that in the winter north facing glass results in a net heat
loss while south facing glass results in a net heat gain (see Figures 5.4 and 5.5).
Table A.4 Window Material Costs
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Materials Cost (Rs) Location Source
window frame 600 Gilgit Essa Khan
(4'x6')
window panel 300 Gilgit Essa Khan
(for above
frame)
sheet glass: 22 Gilgit Glass Shop
(5 mm Gilgit
thick/ft2 )
(3 mm 18 Gilgit Glass shop
thick/ft2 ) Gilgit
Insulation:
Traditionally, wall insulation has been implicit in wall construction. Stone
and mud rubble walls 18 to 36 inches thick coupled with a straw plaster rendering,
have an estimated R-value (see Table 1) of 2.2 and 3.3 respectively.
Unfortunately, as architecture trends toward concrete block, wall R-values are
reduced to between 1.3 and 1.5 thus amplifying the need for a separate insulation
component. Included below are some indigenous organic materials and rigid
foam insulation.
Table A.5 Insulating Material Costs
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Materials Cost (Rs) Location Source
straw 4 Karimabad Su Hale
(Rs/kg)
sawdust .75 Karimabad Lumber Mill
(Rs/kg)
expanded 10 Masood Khan
polystyrene
(Rs/ ft2 - 6 - 8 Gilgit Essa Khan
1" thick)
Energy Cost
In Karimabad there are four main sources of energy; firewood (used for
cooking and heating), propane gas (used for cooking), kerosene (used for lighting,
cooking and heating), and electricity (traditionally used only for lighting). Recent
reports from Karimabad indicate that a local hydro-electric generating station has
come online. This increased capacity has apparently lead to a larger use of
electricity for heating via small 1000 - 2000 watt electric space heaters.
Materials Cost (Rs) Location Source
firewood 2 (from Chalt) Karimabad Essa Khan
(Rs/kg)
2.5 (scrap at Karimabad Lumber Mill
lumber mill) Karimabad
propane gas 80 Karimabad [Ali]
(5 gal.
cylinder)
kerosene 25 Karimabad [Ali]
24 Karimabad Essa Khan
electricity 0.26 (domestic) Karimabad [Ali]
(Rs/kwh)
0.66 Karimabad [Ali]
(commercial)
Karimabad Essa Khan
0.55
electric heaters
(1 Kw) 200 Karimabad Essa Khan
(2 Kw) 500 Karimabad Essa Khan
Table A.6 Energy Costs
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APPENDIX B. R-VALUE AND THERMAL MASS CALCULATIONS
R-value:
Traditional walls are made of stone and mud mortar. The ratio of 80%
stone and 20% mortar was used and are based on estimates made by examining
actual walls during visit. Modem walls are made of either cut stone or concrete
block. The ratio of 90% block/stone to 10% mortar was used, these are also
based on estimates from our visit.
The traditional roof has a number of layers of different materials including
layers of straw and thatch. Layers and thicknesses are estimates as given by area
residents. Modern roofs have fewer layers and reportedly no insulating straw or
thatch. Table B.1 presents R-value estimates of materials used in construction.
Material Density R-value Source
lbs/ft3 h-ft2 *F/Btu-in
Concrete for block 120 0.083 [ASHRAE]
Mortar for 110 0.125 [ASHRAE]
traditional wall
Rendering 103 0.20 [Strother]
(average of mortar
and earth)
Earth (dry) 95 0.275 [Strother]
Wood 26 1.52 [Strother]
Straw (straw board) 43 2.0 [Strother]
Thatch/bark
(estimated similar 43 2.0 Author's
to straw board) estimate
Clay 63 0.278 [Strother]
Table B.1: R-value Estimates of Materials Used in Construction
119
Table B.2 presents an estimate of the overall R-value of the traditional roof.
Material Thickness R-value
inches h-ft2 'F/Btu
Outside boundary - 0.17
Clay (dry) 0.5 0.14
Earth (dry) 0.5 0.14
Clay 0.5 0.17
Straw 0.5 1.0
Earth 14 3.86
Thatch/bark 2.0 4.0
Wood 1.0 1.5
Inside boundary - 0.68
Total 11.7
Table B.2: Traditional Roof R-Value Estimates
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Table B.3 presents an estimate of the overall R-value of the modern roof.
Material Thickness R-value
inches h-ft2 o F/Btu
Outside boundary - 0.17
Earth (dry) 10.0 2.75
Wood 1.0 1.5
Inside boundary - 0.68
Total 5.1
Table B.3: Modem Roof R-Value Estimates
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Thermal mass:
A thermal mass calculation was done on traditional home A and modern
home B. Table B.4 presents the data and calculation for traditional home A.
Table B.4: Thermal Mass Calculations for Traditional Home
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Component Area Thickness Density Mass
ft 2  inches lbs/ft3 Lbs
Wall:
Stone (80%) 1280 25 175 374,000
Mortar (20%) 1280 25 110 59,000
Roof:
Clay 984 1.0 63 5,000
Earth 984 14.5 95 113,000
Straw 984 0.5 5 200
Thatch/bark 984 2.0 5 800
Wood 984 1.0 40 3,000
Total 555,000
Table B.5 presents the thermal mass calculation and data for modem home
Component Area Thickness Density Mass
ft2  inches lbs/ft3 Lbs
Wall:
Concrete 1180 8 120 94,500
block
Roof:
Earth 1152 10 95 91,200
Wood 1152 1 40 4,000
Total 190,000
Table B.5: Thermal Mass Calculations for Modem Home
The difference in thermal mass between the two structures is 360,000 lbs.
This represents a decrease of about 66 percent from the traditional to the modern
home. The energy implications of thermal mass depend on the climate, heating
schedule, and construction type. Insulation installed on inside wall surfaces will
reduce potential (wall) thermal mass benefits by minimizing heat flow into and
out of the wall.
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APPENDIX C. STEADY STATE TEMPERATURE MODEL
Sample of input screen from model.
KARIMABAD WORKSHOP
STEADY STATE TEMPERATURE MODEL
51UTPUT:
ood use Lbs/y 5611.33
INPUTS:
MONTH:
I. Building Orientation
JANUARY
Choose direction from below and enter to right:
North enter: N
North-Northeast enter: NNE
Northeast enter: NE
East-Northeast enter: ENE
1I. Weather Data:
Exterior Design Temperature
Cloud Cover (%):
111. Materials Resistance Values (R-Values), Surface Absorptivity and
Radiation and Convection Heat Transfer Coefficient
Roof (R-value):
Windows & Skylight (R-value):
Door (R-value)
Absorptance (Wall Material)
Rad/Conv. Coeff. (Btu/h-ft ^ 2 F)
5.1
1
1.5
0.45
5
IV. Wall Orientation and Area (ft ^ 2) and R-Value:
Area
North:
East:
South:
West:
162
184
162
R Value
1.5
1.71
1.5
1.73
Height and Length of
Buried wall section:
Height (ft)
0
V. Ground Heat Loss Calculation:
Wall Perimeter (Ft): 76.8
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VI. Window orientation, window-to wall ratio (%), shading coefficient:
(NOTE: Shading coefficient = 1 for single pane glass and .88 for double pane glass
W-W Ratio Shade Coeff.
North: 0 1
East: 0 1
South: 0 1
West: 0 1
VII. Roof Area (ft^ 2):
VIII. Roof window (skylight)-
-to-roof ratio (%)
367
2.4
IX. Door Orientation and Area (ft^ 2) and R-Value:
Area
North:
East:
South:
West:
R Value
1.5
1.5
1.5
1.5
IX. Infiltration: Specify Air change per hour (typical
Western residence ACH = 0.5-1.5)
Air Change Rate (#/per hour):
Volume of Residence (Ft^3):
X. Occupancy Data:
Number of people:
Ave. # occupied hours/day:
X. WOOD USE:
HHV Wood (Btu/lb):
Effic Stove (%):
T desired (degF):
X. OUTPUTS:
Resulting T inside (deg F):
Wood Use (lbs/month):
Wood Use (lbs/year)
1
3303
8000
50
50
30.60
2236.36
5611.33
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APPENDIX D. TEMPERATURE RECORDING
EQUIPMENT AND FORMS; HOME SURVEY RESULTS
Thermometer and data logger instructions:
Radio Shack Thermometers:
These thermometers will display indoor and outdoor temperatures. The
indoor temperature is measured wherever the display unit is placed, the outdoor
temperature is measured where the end of the white wire is placed.
The unit has a"memory function" which stores the minimum and maximum
temperatures of both the indoor and outdoor sensors from the time the "reset"
button was last pressed.
Our research requires these thermometers to be read and temperatures to
be recorded (along with the date and time of day), at preset and hopefully
consistent intervals. Suggested intervals are given in this document (Section
III.B), but other intervals may be substituted based on schedule and logistics.
For our records, we would like a sketch drawing (plan view) of each
structure in which the temperature recorder (blue box) or thermometers are
placed. The sketch should include a "plan view" of the entire structure showing
the unit and outdoor temperature probe locations. Also, please sketch a "section
view" showing where the unit and probe are mounted (i.e., along wall, on shelf, or
under overhang). Please indicate "North" on all plan sketches. A sample sketch
is included for reference.
The goal of our temperature research is to measure hourly temperature
readings both inside and outside of typical homes and schools in Karimabad and
the surrounding region.
II. Thermometer Set Up:
It is very important that the temperature display unit and white wire probe
are not placed on or near any heat source. This includes stoves, windows, and
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particularly in direct sunshine.
A. Display Unit:
Wherever the display unit is placed, one of the two temperature readings
will be taken by an internal sensor. We would like to record the temperatures
inside the "Ha" area of typical Karimabad homes as well as in classrooms of
typical schools in the region. We suggest placing the display unit in a convenient
place so readings can be easily seen and recorded. The unit itself should be
placed on a shelf or desk at least six inches away from windows, cold walls, or any
heating source.
Critical to the box placement is the ability to have the second temperature
probe (connected to the white 10 foot wire) able to reach to the "outside"
(through window/door) for placement.
B. Outside Temperature Probe (white 10 foot wire):
The outside probe is the white-wire-probe located at the end of the white
10 foot wire. We would like this probe to be placed in a year-round "shaded spot"
out of direct sunlight. Any sunlight striking the probe will cause incorrect
temperature measurement. Possible locations are under a shaded/covered open-
air porch or veranda, under a roof-overhanging, or mounted outside of the
building on the North side, again in a shaded spot.
A possible method of attachment is to tape the probe to a stick or rod
which then can be fastened to building, ground, or overhang. As with the inside
unit, the outside probe end should not be in direct contact with walls, stones, soil,
or shade coverings.
A. Operation:
The temperatures displayed are updated every 10 seconds. To access the
minimum and maximum temperatures since the last "reset" follow these steps:
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Maximum Temperature:
1. Press the "Max" button.
2. The maximum outdoor temperature appears as the top number, the
maximum indoor temperature appears as the bottom
number.
3. Press the "Max" button again and the display returns to the current
temperature readings.
Minimum Temperature:
1. Press the "Min" button.
2. The Minimum outdoor temperature appears as the top number, the
minimum indoor temperature appears as the bottom number.
3. Press the "Min" button again and the display returns to the current
temperature readings.
The "Reset" button will reset the memory and begin a new period of minimum
and maximum recording.
B. Recording:
Enclosed are "Log-Sheets" to be used for recording temperatures. We
would like temperatures to be recorded as often as possible.
A desired daily recording schedule for schools and other "non-home" buildings is
to record temperatures at the hours of 8:00AM (or when first occupy the building
in the morning), 12:00PM (noon). and 4:00PM (or when last occupied in the
afternoon or evening), and also to record the maximum and minimum readings.
A log-sheet with these times is included.
A desired daily recording schedule for homes is to record temperatures at
the hours of 8:00AM (or when first awake in the morning), 12:00PM (noon),
4:00PM, and 9:00PM (or just before going to bed), and also to record the
maximum and minimum readings. A log-sheet with these times is also included.
If these times are not possible, other times could be substituted in their
place. A log-sheet is included, without the times filled in, for this purpose.
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Whatever times are possible should be filled in and temperatures recorded.
The following procedures should be used in recording temperatures:
First Reading of Day: (For example the 8:00AM morning reading)
1. Record date.
2. Press "Max" button and record the "max-outdoor" temperature (top
number) and "max-indoor" temperature (bottom number).
3. Press "Min" button and record the "min-indoor" temperature (top number)
and "min-indoor" temperature (bottom number).
4. Press "Reset" button and wait 5 seconds.
5. When display returns, record the time (if not 8:00AM) and record the
current indoor and outdoor temperatures.
Next Readings: (12:00, 4:00, 8:00PM)
1. Record the time and the indoor and outdoor temperatures.
Note: The "reset" button should be pressed only once per day, only after the
"min/max" readings have been recorded.
We plan on recording the temperatures for at least the winter months. As
logistics permit, we would like the "Log-Sheets", along with the sketches of unit
location, FAXed back to us at convenient intervals. FAXing this information
once every two weeks or once a month would be ideal.
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Hourly Temperature Logger:
This temperature recorder is a device which measures two temperatures at
hourly intervals. One temperature is measured by the white-wire-probe sticking
out of the end of the blue box. The second temperature is measured at the end
of the grey 50 foot length of wire by another white-wire-probe.
This recorder has been pre-set to operate. All that is required is careful
placement of the "box" and outside probe "grey cable"; the recorder will take it
from there.
Please note the day on which the recorder was placed in its final recording
location. It can be written here for recording purposes.
DATE OF RECORDER PLACEMENT:
For our records, we would like a sketch drawing (plan view) of each
structure which the temperature recorder (blue box) or thermometers are placed
in. The sketch should include a "plan view" of the entire structure showing the
unit and outdoor temperature probe locations. Also, please sketch a "section
view" showing where the unit and probe are mounted (i.e., along wall, on shelf, or
under overhang). Please indicate "North" on all plan sketches. A sample sketch
is included for reference.
The goal of our temperature research is to measure hourly temperature
readings both inside and outside of a typical home in Karimabad.
II. Recorder Set Up:
It is very important that the temperature recorder box and grey wire probe
are not placed on or near any heat source. This includes stoves, windows, and
particularly in direct sunshine.
A. Recorder Box: (Blue Box with white and grey wires)
Wherever the recorder box is placed, one of the two temperature readings
will be taken by the white-wire-probe sticking out of the end. We would like to
record the temperature inside the "Ha" area of a typical Karimabad home and
therefore would like the recorder box to be placed in the "Ha" area. We suggest
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placing the box in an out-of-the-way area or corner so as not to be a nuisance or
disturbed. The box itself can be placed on the ground or be elevated (shelf) but
must be in a dry location. If necessary, the box can be anchored with either tape
or the "Velcro" material provided.
Critical to the box placement is the ability to have the second temperature
probe (grey 50 foot wire) be able to reach to the "outside" (through window/door)
for placement.
B. Outside Temperature Probe (grey 50 foot wire):
The outside probe is the white-wire-probe located at the end of the grey 50
foot wire. We would like this probe to be placed in a year-round "shaded spot"
out of direct sunlight. Any sunlight striking the probe will cause incorrect
temperature measurement. Possible locations are on a shaded/covered open-air
porch or veranda, under a roof overhang, or mounted outside of the building on
the North side, again in a shaded spot.
A possible method of attachment is to tape the probe to a stick or rod
which then can be fastened to building, ground, or overhang. As with the inside
unit, the outside probe end should not be in contact with anything other than air.
Neither should be in direct contact with walls, stones, soil, or shade coverings.
Included with the recorder are small cable nails to fasten the outside grey
cable to any "nailable" surface. Tape is also included for this purpose if it is
easier.
We plan on recording the temperatures for at least the winter months. At
the end of the recording period someone from our group may retrieve the
recorder, or we may ask that it be mailed back to us.
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Home Owner Survey
Karimabad/Hunza, Pakistan
Note: This survey is intended for homes and schools however, some of the
questions will pertain only to homes. When surveying a school please answer the
questions that apply.
Traditional Home in Karimabad (Home owner A)
Note: Responses are as translated. In some instances the response was either too
difficult to read or the sum of the parts do not equal the whole (i.e. numbers of
windows).
I. Building Characteristics:
1. Age of home/school:
16 Years
2. Number of rooms by type (i.e. 1 kitchen, 1 Ha, 2 bathrooms...):
Ha - 1
Room - 2
Storage - 1
Bathroom - 2
3. Sketch of floor plan:
4. Number of windows, orientation, and size (i.e. 2-2'x3' south facing, 1-2'x2' north
facing):
5 in all, 4 facing South, 1 facing North
5. Are the windows covered in the winter? With what?
Yes, with curtains
6. Number of doors, orientation, and size:
6 in all, 2 facing West, 3 facing South
4'X6", 3'4"X6', 2'6"X6'- 3 of these
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7. Indoor plumbing? To which rooms?
Only in baths
8. Lighting source (electric, kerosene, candle...): In which rooms?
Electricity and lantern in Ha and rooms
9. Is the level of light too dim or just right? (i.e. is there enough light for
reading/homework - at night) Please explain:
If electricity is on, otherwise not enough
10. Source of heat (i.e. wood, electricity...):
Electricity
11. How/where do you get your wood?
From market
12. How expensive is it? Rs/kg, Rs/kilowatt-hour?
Wood Rs 2.50/kg
Electricity Rs 250/month
13. Is this considered a large expense? What percent of your monthly/yearly
income is spent on fuel?
Yes 10% (difficult to read this number)
14. What is the breakout of wood used for heating versus cooking (i.e. "X"percent
is cooking, "Y" percent is heating in January, February, ...)?
55% cooking, 45% heat
15. Method of heat (i.e. wood stove, electric heater, other):
16. Typical schedule of heating:
Times start fire/heat (*) Times fire out/heat
Fall (Sept.-Nov.): Start heating Nov. 15 Off by April 15
Winter (Dec.-March):
Spring (April-June):
Summer (July-August):
(*) Please distinguish when a fire is started for 'cooking-only' with a "C", for
'heating-only' with an "H", and for 'both' with a "B".
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17. Estimated amount of wood/electricity used per period - day/week/month:
Wood use Elec. use
Kg/day kilowatt-hours/day
Fall (Sept.-Nov.): 840 kg 100 kw
Winter (Dec.-March): - 1200 kw
Spring (April-June): 400 kg 100 kw
Summer (July-August): 200 kg 100 kw
18. Level of comfort (indoor temperature) by season:
Too gold Just right ToO
Fall (Sept.-Nov.): Little cold
Winter (Dec.-March): Too cold
Spring (April-June): Just right
Summer (July-August): Just right
19. If not "Just Right", why? Why is it too cold or too warm in your home?
Please Explain.
Because some walls are block masonry
20. Are you aware of cold air leaking into your home in the winter? Where does
it come from?
Yes, from doors
21. Is there ever smoke in the home from the wood stove?
Rarely?
Sometimes?
Always? Always
22. Please explain source of smoke:
Due to wind, the stove vent pipe does not exhaust the smoke
properly. Secondly, the smoke soot usually chokes the pipe.
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23. Is there ever condensation (water droplets) on:
Walls Roof Windows Other
III. Living Patterns:
27. Number of occupants: 12
28. Which rooms are occupied in the winter months?
Ha, rooms
29. Which room are heated in the winter months?
Ha, bedrooms
30. Number of occupants and schedule by season:
Number
of people
Fall (Sept.-Nov.):
Winter (Dec.-March):
Spring (April-June):
Summer (July-August):
Percent of 24 hour
in home
18 hrs
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Rarely Rarely
Sometimes
Always
24. Are there leaks in the roof during heavy rains? Where?
No
II. Materials of Construction:
25. Walls: material type and thickness (i.e. stone/mortar, 18" thick with plaster
rendering 2" thick):
Walls are 8" and 12" thick, materials are soil, cement, stone, block, timber
26. Roof: material type by layer (i.e. wood-2", halli, thatch-10", earth-5"...):
Wood 1", plastic sheet, dry silt, clay
31. Please write down ideas you have for improving the level of
comfort/lighting/air quality in your building.
If it is possible to provide radiators or any solar heating system, we don't know.
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Home Owner Survey
Karimabad/Hunza, Pakistan
Note: This survey is intended for homes and schools however, some of the
questions will pertain only to homes. When surveying a school please answer the
questions that apply.
Modern Home in Karimabad (Home owner C)
Note: Responses are as translated. In some instances the response was either too
difficult to read or the sum of the parts do not equal the whole (i.e. numbers of
windows).
I. Building Characteristics:
1. Age of home/school:
9 Months
2. Number of rooms by type (i.e. 1 kitchen, 1 Ha, 2 bathrooms...):
Ha - 1
Rooms - 2
Kitchen - 1
Bathrooms - 2
3. Sketch of floor plan:
4. Number of windows, orientation, and size (i.e. 2-2'x3' south facing, 1-2'x2' north
facing):
6 in all, 3 facing East, 3 facing West 4 facing South
4' X 6" - 2, 4' -3, l' X 3" - 1
5. Are the windows covered in the winter? With what?
No
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6. Number of doors, orientation, and size:
2'6" X 6'4" - 2
3'2" X 6'4" - 5
7. Indoor plumbing? To which rooms?
Pipes are present, but no water
8. Lighting source (electric, kerosene, candle...): In which rooms?
If electricity is present we use it, otherwise use kerosene
9. Is the level of light too dim or just right? (i.e. is there enough light for
reading/homework - at night) Please explain:
Just right
10. Source of heat (i.e. wood, electricity...):
Both
11. How/where do you get your wood?
Wood Dump
12. How expensive is it? Rs/kg, Rs/kilowatt-hour?
Rs 2.5/kg, Lump sum 250
13. Is this considered a large expense? What percent of your monthly/yearly
income is spent on fuel?
It is very expensive, monthly income
600 Rs (difficult to read this number)
14. What is the breakout of wood used for heating versus cooking (i.e. "X"
percent is cooking, "Y" percent is heating in January, February, ...)?
45%
15. Method of heat (i.e. wood stove, electric heater, other):
Both
138
16. Typical schedule of heating:
Times start fire/heat (*) Times fire out/heat
Fall (Sept.-Nov.): Start
Winter (Dec.-March):
Spring (April-June): Off
Summer (July-August): Off
(*) Please distinguish when a fire is started for 'cooking-only' with a "C", for
'heating-only' with an "H", and for 'both' with a "B".
17. Estimated amount of wood/electricity used per period - day/week/month:
Wood use Elec. use
Kg/day kilowatt-hours/day
Fall (Sept.-Nov.): 840 kg for 3 months
Winter (Dec.-March): " " "
Spring (April-June): 400 kg
Summer (July-August): 200 kg
18. Level of comfort (indoor temperature) by season:
Too cold Just right Too Warm
Fall (Sept.-Nov.): Too cold
Winter (Dec.-March): Too cold
Spring (April-June): Just right
Summer (July-August): Warm
19. If not "Just Right", why? Why is it too cold or too warm in your home?
Please Explain.
Our rooms are big, cold outside
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20. Are you aware of cold air leaking into your home in the winter? Where does
it come from?
Yes, from door
21. Is there ever smoke in the home from the wood stove?
Rarely?
Sometimes?
Always? Always
22. Please explain source of smoke:
We use always fire stove in house and close all doors, so, much
smoke in house.
23. Is there ever condensation (water droplets) on:
Walls Roof Windows Other
Rarely
Sometimes
Always Always Always
24. Are there leaks in the roof during heavy rains? Where?
II. Materials of Construction:
25. Walls: material type and thickness (i.e. stone/mortar, 18" thick with plaster
rendering 2" thick):
Mixed cement and sand, thickness 12" -18"
26. Roof: material type by layer (i.e. wood-2", halli, thatch-10", earth-5"...):
Earth-5", plastic sheet
III. Living Patterns:
27. Number of occupants: 8
28. Which rooms are occupied in the winter months?
Usually living in the Ha
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29. Which rooms are heated in the winter months?
Ha
30. Number of occupants and schedule by season:
Number
of people
Fall (Sept.-Nov.):
Winter (Dec.-March):
Spring (April-June):
Summer (July-August):
all 8
Percent of 24 hour
in home
20%
31. Please write down ideas you have for improving the level of
comfort/lighting/air quality in your building.
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Photograph of outside temperature probe (white wire mounted under wood
shelter) from the digital thermometer at traditional house A, Karimabad,
Pakistan. Photograph courtesy of Aga Khan Housing Board.
Photograph of digital thermometer in traditional house A, Karimabad,
Pakistan. Photograph courtesy of Aga Khan Housing Board.
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Photograph of outside temperature probe (white wire mounted under wood
shelter) from the hourly temperature recorder at modem house B, Karimabad,
Pakistan. Photograph courtesy of Aga Khzan Housing Board.
Photograph of hourly data logger (dark box on shelf) in modem house B,
Karimabad, Pakistan. Photograph courtesy of Aga Khan Housing Board.
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Photograph of outside wall, window, and door at modem house B,
Karimabad, Pakistan. Photograph taken by author.
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APPENDIX E. CONDUCTIVITY TESTER DATA
Presented below are test results and data for tests done on straw panels, sawdust
and rigid foam.
I Date Trial Bottom Plate Temperatures
Tcl Tc2 Tc3 Tc4 Tc5 Tc6 Tc7 Tc8 Tc9
4/13 Single Sided with Long Straw
3:12 79.4 79.5 79.4 79.5 79.5 79.5 79.5 79.5 79.4
4:30 79.8 79.8 79.8 79.9 79.8 79.9 79.8 79.8 79.8
4/14 Single Sided with Short Straw
12.15 76 76 76 76 76 76 76 - 76 76
3:45 78.8 78.8 78.8 78.8 78.9 78.8 78.9 78.9 78.8
4/18 Single Sided with Saw dust
4:15 76.1 76.1 76.2 76.1 76.1 76.1 76.2 76.1 76.1
4/25 Single Sided with 2 UC foam on top
3:15 80.2 80.2 80.3 80.4 80.4 80.4 80.4 80.3 80.1
4:15 80.5 80.5 80.6 80.7 80.7 80.7 80.7 80.6 80.5
5/10 Single sided with hay chopped fine
80.9 80.9 80.9 80.9 81 81 81.1 81 81
IDate Trial Screen Temperatures
I Tc10 Tc11 Tc12 Tc13 Tc14 Tc15 Tc16 Tc17 Tc18
4/13 Single Sided with Long Straw
3:12 98 98.4
4:30 98.4 98.5
4/14 Single Sided with Short Straw
12.15 95.1 94.6
3:45 97.6 97.4
4/18 Single Sided with Saw dust
4:15 92.9 92.9
4/25 Single Sided with 2 UC foam on top
3:15 107.5 107.6 107.4
4:15 107.8 108 107.8
5/10 Single sided with hay chopped fine
100.7 100.2 100.6
98.4 98.1 98.6 98.1
98.6 98.4 98.6 98.4
94.6 94.7 94.8 94.8
97 97.2 97.4 97.3
97.4 98.9 98.8
97.6 98.8 98.9
94.2
96.6
95.3
97.7
94.7
97.1
93 93 93 92.4 92.2 93 93.3
107.1 107.7 107.7
107.6 108.2 108.1
100.1 100.4 100.4
106.3 108 107.6
106.7 108.5 108.1
99.3 100.4 100.3
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I Date Trial Top Plate TemperaturesTc19 Tc2O Tc2l Tc22 Tc23 Tc24 Tc25 Tc26 Tc27
4/13 Single Sided with Long Straw
3:12 82.5 80.5 82 81.2 82.9 79 78.8 78.9 83.3
4:30 82.6 80.6 82.1 81.2 83 79.2 79 79 83.5
4/14 Single Sided with Short Straw
12.15 76.6 78.5 77.9 79.5 78.2 78.8 77.5 76.8 76.5
3:45 78.7 80.5 80 81.5 80.2 80.6 79.4 78.6 78.6
4/18 Single Sided with Saw dust
4:15 78.1 79.7 77.7 80.1 77 76.9 77.7 80.8 80.9
4/25 Single Sided with 2 UC foam on top
3:15 76.3 76.4 76.4 76.8 77.4 76.3 76.2 ' 76.2 76.1
4:15 76.5 76.6 76.6 76.9 77.6 76.6 76.5 76.4 76.3
5/10 Single sided with hay chopped fine
81 80.9 82.9 81.9 83.2 80.2 80.3 81.5 84
RESULIS
Date Trial Current Voltage T ave. T ave. T ave. Delta T Delta T Sample R-Values
amps volts Bottem Screen Top Top Bottem Area ft ^2 per inch
4/13 Single Sided with Long Straw
3:12 14.5 0.406 79.5
4:30 14.5 0.406 79.8
98.3 81.0 17.3
98.5 81.1 17.3
4/14 Single Sided with Short Straw
12.15 14.5 0.41 76.0 94.8 77.8 16.9 18.8
3:45 14.5 0.41 78.8 97.3 79.8 17.5 18.4
4/18 Single Sided with Saw dust
4:15 14.55 0.413
2.53 3.08
2.53 3.15
76.1 92.9 78.8 14.1 16.7 2.53 2.89
4/25 Single Sided with 2 UC foam on top
3:15 14.5 0.402 80.3
4:15 14.5 0.403 80.6
107.4 76.5 31.0
107.9 76.7 31.2
27.1
27.3
2.53 10.61
2.53 10.70
5/10 Single sided with hay chopped fine
14.5 0.398 81.0 100.3 81.8 18.5 19.3 2.53
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18.8
18.6
2.53
2.53
2.51
2.50
2.74
Sample Characteristics and Results
Date tested: 4/18/95
Material sample: Sawdust/glue binder
Sample I.D.: panel set I, side B
Test method: one sided study
I. Sample Characteristics:
Material: Well dried sawdust
Binder: Glue and water, 1:1 ratio, 12 ounces total
Fabrication
Notes:
steps: 1 layer sawdust (1/2 inch thick) placed in frame
6 oz. glue/water applied with spray bottle
let dry
built up layers to final thickness
glue/water applied between layers
Fan dry, 24 hours
Poor structural qualities, very fragile
II. As Tested Properties:
Area: 2.53 ft^2
Thickness: 0.97 inches
Density: 2.93 lbs/ft^3
III. Test Results:
Start time: 11:25 a.m.
Voltage: 0.411 volts
Current: 14.5 amps
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Final reading:
Voltage: 0.413
Current: 14.55
R-Value as tested:
R-Value per inch:
4:15 p.m.
volts
amps
2.79
2.89
h-ftA2 * F/Btu
h-ftA2 * F/Btu
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Sample Characteristics and Results
Date tested: 3/28/95
Material sample: Straw (2-3 inch lengths)/glue binder
Sample I.D.: panel set F, side A
Test method: one sided study
I. Sample Characteristics:
Material: Well dried straw
Binder: Glue and water, 1:1 ratio, 12 ounces total
Fabrication
Notes:
steps: 1 layer straw (1/4 inch thick) placed in frame
6 oz. glue/water applied with spray bottle
let dry
panel flipped in frame
built up layers to final thickness
glue/water applied between layers
Fan dry, 24 hours
good rigidity, holds own weight
II. As Tested Properties:
Area: 2.53 ft^2
Thickness: 1.42 inches
Density: 2.35 lbs/ft^3
III. Test Results:
Start time: 10:40 a.m.
Voltage: 0.408 volts
Current: 14.5 amps
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Final reading: 2:25 p.m.
Voltage: 0.406 volts
Current: 14.5 amps
R-Value as tested:
R-Value per inch:
4.15 h-ftA2 'F/Btu
2.92 h-ft^2 ' F/Btu
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Sample Characteristics and Results
Date tested: 4/13/95
Material sample: Straw (uncut lengths from bale)/glue binder
Sample I.D.: panel set H, side A
Test method: one sided study
I. Sample Characteristics:
Material: Well dried straw
Binder: Glue and water, 1:1 ratio, 12 ounces total
Fabrication steps: 1 layer straw (1/4 inch thick) placed in frame
6 oz. glue/water applied with spray bottle
let dry
panel flipped in frame
built up layers to final thickness
glue/water applied between layers
Notes: Fan dry, 24 hours
fair rigidity, almost holds own weight
coverage not as good as with smaller pieces
II. As Tested Properties:
Area: 2.53 ft^2
Thickness: 1.53 inches
Density: 1.94 lbs/ft^3
III. Test Results:
Start time: 10:26 a.m.
Voltage: 0.408 volts
Current: 14.45 amps
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Final reading: 4:30 p.m.
Voltage: 0.406 volts
Current: 14.5 amps
R-Value as tested:
R-Value per inch:
3.82 h-ftA2 " F/Btu
2.50 h-ft^2 ' F/Btu
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Sample Characteristics and Results
Date tested: 4/18/95
Material sample: Straw (< 1 inch lengths)/glue binder
Sample I.D.: panel set H, side B
Test method: one sided study
I. Sample Characteristics:
Material: Well dried straw
Binder: Glue and water, 1:1 ratio, 12 ounces total
Fabrication
Notes:
steps: 1 layer straw (1/4 inch thick) placed in frame
6 oz. glue/water applied with spray bottle
let dry
panel flipped in frame
built up layers to final thickness
glue/water applied between layers
Fan dry, 24 hours
good rigidity, holds own weight
II. As Tested Properties:
Area: 2.53 ft^2
Thickness: 1.19 inches
Density: 2.37 lbs/ft^3
III. Test Results:
Start time: 10:07
Voltage: 0.411
Current: 14.55
a.m.
volts
amps
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Final reading: 4:45 p.m.
Voltage: 0.410 volts
Current: 14.5 amps
R-Value as tested:
R-Value per inch:
3.75 h-ftA2 ' F/Btu
3.15 h-ftA2 * F/Btu
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Photograph of thermal conductivity tester.
Photograph of form used to make straw and sawdust test samples
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Photograph of straw and glue sample.
Photograph of straw and glue panels fastened to concrete block wall with
wood lath and screws.
156
Photograph of straw and glue panels fastened to concrete block wall with
wood lath and screws; a finish coat of concrete covers the panels and lath.
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